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1.  SUMMARY 

1 . l  PROPOSED STANDARDS 

Standards o f  performance fo r  s t a t i o n a r y  i n t e r n a l  combustion en- 

g ines  a re  be ing  proposed under Sec t i on  111 o f  t h e  C l e a n , A i r  Act .  

s tandards would 1 i m i t  emissions o f  n i t r o g e n  ox ides from d i e s e l  and 

d u a l - f u e l  s t a t i o n a r y  i n t e r n a l  combustion engines w i t h  g r e a t e r  than 560 

cub ic  i n c h  d isp lacement  pe r  c y l i n d e r  (C ID /cy l )  and gas engines w i t h  

g r e a t e r  than 350 cub ic  i n c h  d isp lacement  p e r  c y l i n d e r  o r  equal t o  o r  

g r e a t e r  than 8 c y l i n d e r s  and g r e a t e r  than 240 cub ic  i n c h  displacement 

p e r  c y l i n d e r .  

These 

The numer ica l  emiss ion l i m i t s  f o r  NO, would be 0.0700 percent  by  

volume (700 ppm) f o r  gas engines, 0.0600 percent  by  volume (600 ppm) 

f o r  d-iesel engines, and 0.0600 percent  by  volume (600 ppm) f o r  dua l -  

f u e l  engines co r rec ted  t o  15 percent  oxygen on a d r y  bas i s  and re fe renced 

t o  s tandard atmospheric c o n d i t i o n s  o f  29.92 inches mercury, 85 degrees 

Fahrenhei t ,  and 75 g r a i n s  m o i s t u r e  per  pound o f  d r y  a i r .  The proposed 

standards would a l s o  i n c l u d e  an adjustment f a c t o r  f o r  engine e f f i c i e n c y  

which would a d j u s t  t h e  emissions l i m i t s  upward l i n e a r l y  f o r  I C  engines 

w i t h  thermal e f f i c i e n c i e s  g r e a t e r  than 35 percent .  NO, emissions from 

s t a t i o n a r y  i n t e r n a l  combustion engines, t he re fo re ,  would be 1 i m i t e d  

accord ing  t o  one o f  t h e  f o l l o w i n g  equat ions:  

STD = 700 (L-G kJ/w-hr)for any gas engine 

STD = 600 5.13 kJ/w-hr f o r  any d i e s e l  o r  d u a l - f u e l  

( y  ) 
engine 

where: 



STD = allowable NOx emissions (parts per million 
volume corrected t o  15 percent oxygen on a 
dry basis) .  

Y = manufacturer's rated brake-specific fuel 
consumption a t  peak load (kilojoules per 
watt  hour) or owner/operator's brake- 
specif ic  fuel consumption a t  peak load as 
determined i n  the f ie ld .  

During performance tes ts  t o  determine compl lance w i t h  the proposed 

standards, measured NOx emissions a t  15 percent oxygen would be ad- 

justed to standard atmospheric conditions by the appropriate correction 

factor  i n  the table  below: 

Correction Factor 

K = 1/(1 + 0.00235(H - 75) + 0.00220 ( T  - 85) 

= ( K H )  (KT) 

KH = 0.844 + 0.151 (m) H + 0.075 (m) H 2  

KT = 1 - (T  - 85)(0.0135) 

where: 

H = observed humidity, grains H20/lb dry a i r  

T = observed i n l e t  a i r  temperature, O F  

Internal combustion engine manufacturers, owners, o r  operators may 

also e lec t  to develop custom ambient condition correction factors,  i n  

terms o f  ambient temperature, and/or humidity, and/or ambient pressure. 
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These factors  must also be subs t an t i a t ed  with data and approved for  use 

by EPA. 

The proposed standards would apply t o  f a c i l i t i e s  t h a t  commence 

construction 30 months a f t e r  the date of publication i n  the FEDERAL 

REG1 STER. 

. 

Emergency-standby internal combustion engines and a l l  one- and 

two-cylinder gas engines would be exempt from the NOx emission. l imit .  
\ 

1 .2 ENVIRONMENTAL/ECONOMIC IMPACT 
\ Four emission control techniques, or combinations of these tech- 

niques, have been identified as demonstrated NO, emission reduction 

systems for  s ta t ionary internal combustion engines. These techniques 

are:  ( 1 )  retarded ignition or fuel injection, (2)  air-to-fuel r a t io  

changes, ( 3 )  manifold a i r  cooling, and ( 4 )  derating power o u t p u t  ( a t  

cons tan t  speed). 

i n g  an engine operating adjustment. 

In general, a l l  four techniques are applied by chang- 

Fuel injection retard i s  the most effect ive NOx control technique 

for  diesel engines. Similarly, air-to-fuel r a t io  change i s  the most 

e f fec t ive  NO, control technique for  gas engines. 

to-fuel r a t i o  changes a re  effect ive in reducing NO, emissions from 

dual-fuel engines. 

Both retard and a i r -  

Due to technical considerations, ignit ion retard i n  excess of 

e ight  degrees i n  diesel engines and changes i n  the air-to-fuel r a t i o  i n  

excess of  f ive percent i n  gas engines are  the l imi t s  t o  which these 

techniques could be r e a l i s t i c a l l y  applied. 

retard i n  diesel engines and a f ive percent change i n  air-to-fuel 

rat-ios i n  gas engines yield about a 40 percent reduction i n  NO, emis- 

E i g h t  degrees of ignit ion 
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sions. Actual emissions varied among engine types; however, the 

degree of reduction was consistent. 

Consequently, a 40 percent reduction i n  NO, emissions was the most 

s for the 

on was 

as the 

stringent regulatory option which could be selected as a bas 

standards. An a l te rna t ive  of 20 percent NO, emission reduct 

also considered a viable regulatory option w h i c h  could serve 

basis for  standards of performance. 

The main environmental benefit  of a standard based on e i ther  a l -  

ternative would be a reduction in national NO, emissions, which i s  now 

14.6 million megagrams per year for a l l  stationary sources. Total NO, 

emissions would decline by 72,500 megagrams annually for  a1 ternat ive I 

(20 percent reduction) and  145,000 megagrams annually for  a1 ternat ive 

I 1  (40 percent reduction) i n  the f i f t h  year a f t e r  the standard went 

into e f fec t .  

Ambient a i r  qual i ty  dispersion modeling based on "worst case" 

conditions indicates uncontrolled ambient a i r  NO, levels near large 

s ta t ionary IC engines can vary from approximately 60 percent of  the 

National Ambient Air Quality Standard ( N A A Q S )  of 100 ,ugh3 t o  over 

twice the standard depending on the s ize  of the engine. T h u s ,  stan- 

dards of performance based on a l te rna t ive  I1  would be more effect ive i n  

reducing ambient a i r  NO, levels than standards of performance based on 

a1 ternative I .  

Emissions of CO and HC, however, would increase, par t icular ly  from 

naturally aspirated gas engines. 

be large for C O ;  however, for b o t h  HC and CO, s ignif icant  emission 

reductions are  readily achievable i n  other source categories. NO, 

The magnitude o f  the increase would 
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emissions, on t h e  o t h e r  hand, a r e  d i f f l c u l t  t o  reduce, and s t a t i o n a r y  

I n t e r n a l  combustlon engines o f f e r  one o f  few o p p o r t u n i t i e s  f o r  s i g n i -  

f i c a n t  NO, reduc t ion .  Therefore,  NOx emisslons were se lec ted  f o r  

c o n t r o l  b y  standards o f  performance. 

There would be e s s e n t i a l l y  no water  p o l l u t i o n ,  s o l i d  waste, o r  

n o i s e  impact o f  standards o f  performance based on e i t h e r  a l t e r n a t i v e  1 

or a l t e r n a t i v e  11. 

The p o t e n t i a l  energy impact o f  standards o f  performance based on 

e i t h e r  a l t e r n a t i v e  i s  smal l .  The p o t e n t i a l  energy impact i n  t h e  f i f t h  

y e a r  a f t e r  t h e  standards go i n t o  e f f e c t ,  based on a l t e r n a t i v e  I ,  would 

be e q u i v a l e n t  t o  an inc rease i n  f u e l  consumption of approx imate ly  1.0 

m i l l i o n  b a r r e l s  o f  o i l  p e r  year  compared t o  t h e  IC engine f u e l  consump- 

t i o n  o f  ertgines a f f e c t e d  b y  t h e  standards o f  31 m i l l i o n  b a r r e l s  p e r  

year .  

goes i n t o  e f f e c t ,  based on a l t e r n a t i v e  IX, would be e q u i v a l e n t  t o  

approx imate ly  1.5 m i l l i o n  b a r r e l s  of o i l  p e r  year .  The impact o f  

a l t e r n a t i v e  I1  represents  o n l y  0.02 percent  o f  t h e  1977 domestic con- 

sumption o f  crude o i l  and n a t u r a l  gas and o n l y  0.02 percent  o f  t h e  

p r o j e c t e d  t o t a l  U.S .  o i l  impor ts  f i v e  years a f t e r  t h e  standards go i n t o  

e f f e c t .  

The p o t e n t i a l  energy impact i n  t h e  f i f t h  y e a r  a f t e r  t h e  standard 

Economic impacts on manufacturers o r  users o f  s t a t i o n a r y  i n t e r n a l  

combustion englnes a r e  smal 1. Manufacturers o f  s t a t i o n a r y  i n t e r n a l  

combustlon englnes would i n c u r  a d d f t l o n a l  cos ts  as a r e s u l t  of  stan-  

dards o f  performance. The manufacturers I t o t a l  c a p i t a l  Investment  

requi rements f o r  developmental t e s t i n g  o f  englne models i s  est lmated t o  

be about $ 4 . 5  m i l l i o n  t o  comply w i t h  standards o f  performance based on 

1-5 



a l te rna t ive  I and a b o u t  $5 million t o  comply with standards of perfor- 

mance based on a l ternat ive 11. Analyses of the financial statements 

and other pub1 i c  financial information of engine manufacturers indicate 

t h a t  the manufacturers' overhead budgets  are  suf f ic ien t  t o  support  the 

development of these controls w i t h o u t  adverse impact on their financial 

position. 

cost  impacts among competing engine model families. 

case" assumptions, the maximum intra-industry sales  losses would be 

a b o u t  six percent as a resu l t  of standards of performance based on 

e i the r  a l ternat ive.  In addition, the impact w i t h  regard t o  increasing 

sales  of gas turbines would be minimal, as a r e i u l t  of standards of 

performance based on e i the r  a1 ternative.  

Manufacturers would n o t  experience s ignif icant  d i f fe ren t ia l  

Based on "worst- 

The application of NOx controls will also increase costs t o  the 

engine user. 

a n d  type of emission control applied. Fuel penalties are  the major 

factor  affecting t h i s  increase. 

The magnitude of t h i s  increase will depend on the amount 

A two percent increase in price would be expected on the average 

as the resu l t  of  standards of performance based on e i the r  a l ternat ive.  

The to ta l  additional capital  cost for a l l  users would equal a b o u t  $9.6 

m i l l i o n  on a cumulative basis over the f i r s t  five years t o  comply w i t h  

standards of  performance based on e i ther  a1 ternative.  

annualized costs of about $580 million by a l l  large stationary IC 

engine users would increase, due mainly to  fuel penalties, by about $25 

m i l l i o n  t o  comply w i t h  standards o f  performance based on a l te rna t ive  I 

and  would increase by about $32 mi l l i on  t o  comply w i t h  s t anda rds  of 

performance based on a l te rna t ive  I1 i n  the f i f t h  year a f t e r  the stan- 

Total  uncontrolled 
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dards go into e f fec t .  

These impacts t rans la te  into price increases for the end products 

or services provided by the industrial  and commercial users of large 

stat,ionary IC engines. The e l ec t r i c  u t i l i t y  industry would pass on a 

price increase a f t e r  f ive years of 0.02 percent t o  comply w i t h  standards 

o f  performance based on e i ther  a1 ternative.  After f ive years, delivered 

natural gas prices would increase 0.02 percent as a resu l t  of standards 

o f  performance based on a l ternat ive I and  0.04 percent as a resu l t  of 

standards of performance based on a l ternat ive 11. 

phase-in period of 30 years, during which new controlled engines would 

replace a l l  existing uncontrolled engines, these increases would be 0.1 

percent for e l ec t r i c  u t i l i t i e s ,  and 0.1 and 0.3 percent for delivered 

natural gas prices as a resu l t  of standards of performance based on 

a1 ternatives I a n d  11, respectively. 

Even a f t e r  a ful l  

Based on t h i s  assessment of the impacts of  each al ternat ive,  and 

since al ternat ive I1 achieves a greater degree of  NO, reduction, i t  i s  

selected as the best technological system of  continuous emission 

reduction o f  NOx from stat ionary large-bore IC engines, considering the 

cost  o f  achieving such emission reduction, any nonai r  quality health 

and  environmental impact, and  energy requirements. 

1.3 INFLATIONARY IMPACT 

An economic impact analysis would have t o  be developed i f  the 

proposed standard caused an increase i n  the fif th-year annualized cost  

o f  more t h a n  $100 million, a major product price increase of f ive per- 

cent, or an increase 

o f  o i l  per day. The 

i n  national energy consumption o f  25,000 barrels 

proposed standard of performance would increase 
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operating costs $26 million i n  the f i f t h  year, the largest  price i n -  

creases would be approximately two percent, and energy consumption 

would fncrease 4,300 barrels o f  o i l  per day. The Agency, therefore, 

fee ls  tha t  no economic impact analysis i s  required. 
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CHAPTER 2 

INTRODUCTION 

S t a n d a r d s  of performance are proposed following a detailed 

investigation of air pollution control methods available t o  the affected 

industry and the impact of t he i r  costs on the industry. 

summarizes the information o b t a i n e d  from such a study. 

This document 

I t s  purpose is  t o  

explain i n  detai l  the background and basis o f  the  proposed s tandards and 

t o  f a c i l i t a t e  analysis of the proposed s tandards by interested persons, 

including those who may not  be familiar w i t h  the many technical aspects of 

the industry. To o b t a i n  additional copies o f  this document or the Federal 

Register notice of proposed standards, write to  EPA Library (MD-35),  

Research Triangle Park, North Carolina 27711. 

and Eniironmental Impact Statement: Proposed Standards  of Performance fo r  

Specify Standards Support  

Stationary Internal Combustion Engines, report number EPA-450/3-78-125a 

when ordering. 

2.1 AUTHORITY FOR THE STANDARDS 

Standards of performance for new stat ionary sources are established 

under Section 111 of the Clean Air Act (42 U.S.C. 7411), as amended, 

hereafter referred t o  as the Act, Section 111 di rec ts  the Administrator 

t o  es tabl ish standards of performance fo r  any category of new stationary 

source of a i r  pollution which It. . . causes or contributes sign4ficantly 
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to ,  a i r  p o l l u t i o n  which may reasonably be anticipated t o  endanger public 

hea l th  or welfare." 

The Act requires t h a t  standards of performance for stationary 

sources re f lec t ,  'I. . . the degree of emission limitation achievable 

t h r o u g h  the application of the best technological system of continuous 

emission reduction . . . the Administrator determines has been adequately 

demonstrated." 

from foss i l  fuel combustion, the standard must also include a percentage 

reduction in emissions. 

the necessary emission reduction, the nonair quali ty health and 

environmental impacts, and the energy requirements a l l  be taken into 

account i n  establishing standards of performance. The standards apply 

only t o  stationary sources, the construction or modification of which 

commences a f te r  regulations are proposed by publication in the Federal 

Reqi s te r .  

In addition, for  stationary sources whose emissions resu l t  

The  Act also provides t h a t  the cost of achieving 

The 1977 amendments t o  the Act altered or added numerous provisions 

which apply t o  the process o f  establishing standards of performance. 

1. EPA i s  required t o  l i s t  the categories of major stationary 

sources which have n o t  already been l is ted and regulated under 

standards of performance. Regulations must be promulgated for 

these new categories on the following schedule: 

25 percent of the l i s ted  categories by A u g u s t  7 ,  1980 

75 percent of the listed categories by August 7 ,  1981 

100 percent of the l i s ted  categories by August 7 ,  1982 

A governor o f  a State may apply to the Administrator t o  add a 

category w h i c h  i s  not on the l i s t  or t o  revise a standard of 

performance . 
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2. EPA is required t o  review the standards of performance every 

4 years, and if appropriate, revise them. 

3.  EPA i s  authorized t o  promulgate a design, equipment, work 

practice, or operational standard when an emission standard is 

not  feasible.  

The term "standards of performancell is redefined and a new term 

"technological system of continuous emission reductionM i s  

defined. The new definit ions c l a r i fy  t h a t  the control system 

must be continuous and may include a low-polluting or 

nonpol 1 u t i  ng process or operation. 

The time between the proposal and promulgation of a standard 

under Section 111 of the Act i s  extended t o  6 months. 

Standards of performance, by themselves, do not  guarantee 

protection of health or welfare because they are not  designed t o  achieve 

any specific a i r  q u a l i t y  levels. 

degree o f  emission limitation achievable through application of the best 

adequate 1 y demonstrated techno 1 og i cal system of cont i nuous em i ss i on 

reduction, taking into consideration the cost of achieving such emission 

reduction, any nonair quali ty health and environmental impact and energy 

re q u i remen t s . 

4. 

5. 

Rather, they are designed t o  re f lec t  the 

Congress had several reasons for including these requirements. 

First, standards w i t h  a degree of uniformity are needed t o  avoid 

situations where some States may a t t r ac t  industries by relaxing standards 

relat ive to other States. Second, stringent standards enhance the 

potential for long-term growth. T h i r d ,  s tr ingent standards may help 

achieve long-term cost savings by avoiding the need f o r  more expensive 

r e t ro f i t t i ng  when pollution ceil ings may be reduced i n  the future. 
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Fourth,  c e r t a i n  types o f  standards f o r  c o a l  burn ing  sources can adverse ly  

a f f e c t  t h e  c o a l  market by d r i v l n g  up the  p r i c e  of l o w - s u l f u r  coa l  o r  

e f f e c t i v e l y  e x c l u d i n g  c e r t a i n  c o a l s  f r o m  t h e  reserve  base because t h e i r  

u n t r e a t e d  p o l l u t i o n  p o t e n t i a l s  are high. Congress does n o t  I n t e n d  that  

new source performance standards c o n t r i b u t e  t o  these problems. F i f t h ,  t h e  

s t a n d a r d - s e t t i n g  process should c r e a t e  I n c e n t i v e s  f o r  Improved technology. 

Promulgat ion o f  standards o f  performance does n o t  p r e v e n t  S t a t e  o r  

l o c a l  agencies f rom adopt lng more s t r i n g e n t  emission l i m i t a t i o n s  f o r  t h e  

same sources, States are f r e e  under Sec t ion  116 o f  t h e  Act t o  e s t a b l i s h  

even more s t r i n g e n t  emission l i m i t s  than those e s t a b l i s h e d  under Sec t lon  

111 o r  those necessary t o  a t t a i n  o r  m a i n t a i n  t h e  n a t l o n a l  ambient a i r  

q u a l i t y  standards (NAAQS) under Sec t ion  110. Thus, new sources may I n  

some cases be s u b j e c t  t o  l i m i t a t i o n s  more s t r i n g e n t  than standards o f  

performance under Sect lon 111, and p r o s p e c t i v e  owners and opera tors  o f  new 

sources should be aware o f  t h i s  p o s s i b l l i t y  i n  p l a n n i n g  f o r  such 

f a c l l  i t i e s .  

A s l m i l a r  s i t u a t i o n  may a r i s e  when a major e m i t t i n g  f a c i l i t y  i s  t o  

be cons t ruc ted  I n  a geographic area which f a l l s  under t h e  p r e v e n t i o n  o f  

s i g n i f i c a n t  d e t e r i o r a t i o n  o f  a i r  q u a l i t y  p r o v i s i o n s  o f  P a r t  C o f  the  Act,  

These p r o v i s i o n s  r e q u i r e ,  among o t h e r  th ings ,  t h a t  major e m i t t i n g  

f a c i l i t i e s  t o  be cons t ruc ted  i n  such areas are t o  be s u b j e c t  t o  bes t  

avai  1 ab le  c o n t r o l  technology. The term "best  a v a i l a b l e  c o n t r o l  

technology"  (BACJ), as de f ined i n  t h e  Act, means It. . . an emission 

l i m i t a t i o n  based on t h e  maximum degree o f  r e d u c t i o n  o f  each p o l l u t a n t  

s u b j e c t  t o  r e g u l a t i o n  under t h i s  Ac t  e m i t t e d  f r o m  o r  which r e s u l t s  f rom 

any major e m i t t i n g  f a c i l i t y ,  which t h e  p e r m i t t i n g  a u t h o r i t y ,  on a 

case-by-case basis,  t a k i n g  i n t o  account energy, environmental ,  and 
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ecoriomic impacts and other costs, determines is achievable for such 

f a c i l i t y  through application of production processes and available 

methods, systems, and techniques, including fuel cleaning or treatment or 

innovative fuel combustion techniques for control of each such pollutant. 

In rio event shall application o f  best available control technology resul t  

i n  emissions o f  any pollutants which will exceed the emissions allowed by 

any applicable standard established pursuant t o  Section 111 or 112 of this 

Act.'' 

A1 t h o u g h  standards of performance are normally structured i n  terms 

of numerical emission l imits where feasible,  al ternative approaches are 

sometimes necessary. In some cases physical measurement of emissions from 

a new source may be impractical or exorbitantly expensive. Section l l l ( h )  

provldes t h a t  the Admlnistrator may promulgate a design or equipment 

standard i n  those cases where i t  is  n o t  feasible t o  prescribe or enforce a 

standard of performance, For example, emissions of hydrocarbons from 

storage vessels for petroleum liqulds are greatest  during t ank  f l l l i n g .  

The nature of the emisslons, h i g h  concentrations for short perlods d u r i n g  

f i l l l n g ,  and low concentrations for  longer periods during storage, and the 

configuration of  storage tanks make direct  emission measurement 

impractical . Therefore, a more practical approach t o  standards of 

performance for storage vessels has been equipment speclfication. 

In a d d l t i o n ,  Sectlon 111( h )  authorlzes the Admfnistrator t o  grant 
waivers of compliance t o  permit a source to  use innovative continuous 

emission control technology. 

Administrator must f i n d :  (1) a substantlal likelihood t h a t  the technology 

w j l l  produce greater emission reductions than the standards require, or an 

equivalent reduction a t  lower economic, energy or environmental cost; 

In order t o  gran t  the waiver, the 
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( 2 )  the proposed system has not been adequately demonstrated; ( 3 )  the 

technology will not  cause or contribute t o  an unreasonable risk t o  public 

health, welfare or safety; ( 4 )  the governor of the State where the source 

i s  located consents; and that ,  (5) the waiver will n o t  prevent the 

attainment or maintenance of any ambient standard. 

conditions attached t o  assure the source will not prevent attainment o f  

any NAAQS. 

standard. 

A waiver may have 

Any such condition will have the force of a performance 

Finally, waivers have definite end dates and may be terminated 

ear l ie r  if the conditions are not  met or if the system f a i l s  to  perform as 

expected. 

the standards, w i t h  a mandatory progress schedule. 

2 . 2  SELECTION OF CATEGORIES OF STATIONARY SOURCES 

In such a case, the source may be given up t o  3 years t o  meet 

Section 111 of the Act directs  the Administrator t o  l i s t  categories 

of stationary sources w h i c h  have not  been l is ted before. The 

Administrator, l'. . . shall include a category of sources i n  such l i s t  if 

i n  his judgment i t  causes, or contributes significantly to, a i r  pollution 

which may reasonably be anticipated t o  endanger public health or 

welfare." Proposal and promulgation of standards of performance are t o  

follow while adhering t o  the schedule referred t o  ear l ier .  

Since passage of the Clean Air Amendments of 1970, considerable 

attention has been given t o  the development o f  a system for  assigning 

p r io r i t i e s  t o  various source categories. The approach specifies areas of 

interest  by considering the broad strategy of the Agency for implementing 

the Clean Air Act, Often, these "areas" are actually p o l l u t a n t s  which are 

emitted by stationary sources. Source categories w h i c h  emit these 

pollutants were then evaluated and ranked by a process involving such 

factors as: (1) the level of emission control ( i f  any) already required by 
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S t a t e  r e g u l a t i o n s ;  ( 2 )  est imated l e v e l s  o f  c o n t r o l  t h a t  migh t  be r e q u i r e d  

f r o m  standards o f  performance f o r  t h e  source category;  (3 )  p r o j e c t i o n s  o f  

growth and replacement o f  e x i s t i n g  f a c i l i t i e s  f o r  t h e  source category;  and 

( 4 )  t h e  est imated incrementa l  amount o f  a i r  p o l l u t i o n  t h a t  cou ld  be 

prevented, i n  a p r e s e l e c t e d  f u t u r e  year, by standards o f  performance f o r  

t h e  source category.  Sources f o r  which new source performance standards 

were promulgated or  are under development d u r i n g  1977 or e a r l i e r ,  were 

s e l e c t e d  on these c r i t e r i a .  

The A c t  amendments o f  August 1977, e s t a b l i s h  s p e c i f i c  c r i t e r i a  t o  

be used i n  de termin ing  p r i o r i t i e s  f o r  a l l  source ca tegor ies  no t  y e t  l i s t e d  

b y  EPA. These are: 

1. The q u a l i t y  of a i r  p o l l u t a n t  emissions which each such ca tegory  

w i l l  emit ,  o r  w i l l  be designed t o  emit ;  

The e x t e n t  t o  which each such p o l l u t a n t  may reasonably  be 

a n t i c i p a t e d  t o  endanger p u b l i c  h e a l t h  o r  wel fare;  and 

The m o b i l i t y  and c o m p e t i t i v e  na ture  o f  each such ca tegory  o f  

sources and t h e  consequent need f o r  n a t i o n a l l y  a p p l i c a b l e  new 

source standards o f  performance. 

2 .  

3 .  

I n  some cases, i t  may n o t  be f e a s i b l e  t o  immediately develop a 

standard f o r  a source ca tegory  w i t h  a h i g h  p r i o r i t y .  T h i s  migh t  happen 

when a program o f  research i s  needed t o  develop c o n t r o l  techniques o r  

because techniques f o r  sampling and measuring emissions may r e q u i r e  

refinlement. 

r e q u i r e d  t o  complete t h e  necessary i n v e s t i g a t i o n  f o r  d i f f e r e n t  source 

c a t e g o r i e s  must a l s o  be considered. For example, s u b s t a n t i a l l y  more t i m e  

may be  necessary if numerous p o l l u t a n t s  must be i n v e s t i g a t e d  f rom a s i n g l e  

I n  t h e  develop ing o f  standards, d i f f e r e n c e s  i n  t h e  t i m e  

source category.  Fur ther ,  even l a t e  i n  t h e  development process, t h e  
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schedule f o r  complet ion o f  a standard may change. 

t o  o b t a i n  emission data f rom w e l l  c o n t r o l l e d  sources i n  t i m e  t o  pursue t h e  

development process i n  a systemat ic  f a s h i o n  may f o r c e  a change i n  

schedul ing.  Nevertheless,  p r i o r i t y  r a n k i n g  i s ,  and w i l l  con t inue t o  be, 

used t o  e s t a b l i s h  t h e  order  i n  which p r o j e c t s  are i n i t i a t e d  and resources 

assigned. 

For example, i n a b i l i t y  

A f t e r  t h e  source ca tegory  has been chosen, de termin ing  t h e  types o f  

f a c i l i t i e s  w i t h i n  t h e  source ca tegory  t o  which t h e  standard w i l l  app ly  

must be decided. 

a i r  p o l l u t i o n ,  and emissions f rom some of these f a c i l i t i e s  may be 

i n s i g n i f l c a n t  o r  very  expensive t o  c o n t r o l .  Economic s t u d i e s  o f  t h e  

source ca tegory  and o f  a p p l i c a b l e  c o n t r o l  technology may show t h a t  a i r  

po1, lu t ion  c o n t r o l  i s  b e t t e r  served by a p p l y i n g  standards t o  t h e  more 

severe p o l l u t i o n  sources. For t h i s  reason, and because t h e r e  be no 

adequately demonstrated system f o r  c o n t r o l 1  i n g  emissions f r o m  c e r t a i n  

f a c i l i t i e s ,  standards o f t e n  do n o t  apply  t o  a l l  f a c i l i t i e s  a t  a source. 

For t h e  same reasons, t h e  standards may n o t  apply  t o  a l l  a i r  p o l l u t a n t s  

emi t ted.  Thus, a l though a source ca tegory  may be s e l e c t e d  t o  be covered 

b y  a standard of performance, n o t  a l l  p o l l u t a n t s  o r  f a c i l i t i e s  w i t h i n  t h a t  

source category may be covered by t h e  standards. 

2.3 PROCEDURE FOR DEVELOPMENT OF STANDARDS OF PERFORMANCE 

A source ca tegory  may have severa l  f a c i l i t i e s  t h a t  cause 

Standards o f  performance must: (1) r e a l  i s t l c a l l y  r e f l e c t  b e s t  

demonstrated c o n t r o l  p r a c t i c e ;  ( 2 )  adequately consider  t h e  cost, and t h e  

n o n a i r  q u a l i t y  h e a l t h  and environmental  impacts and energy requirements o f  

such c o n t r o l ;  ( 3 )  be a p p l i c a b l e  to e x i s t i n g  sources t h a t  are m o d i f i e d  or 
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r e c o n s t r u c t e d  as w e l l  as new i n s t a l l a t i o n s ;  and ( 4 )  meet these c o n d i t i o n s  

f o r  a , l l  v a r i a t i o n s  o f  o p e r a t i n g  c o n d i t i o n s  b e i n g  considered anywhere i n  

t h e  country .  

The o b j e c t i v e  o f  a program f o r  development of s tandards i s  t o  

i d e n t i f y  t h e  b e s t  t e c h n o l o g i c a l  system o f  cont inuous emiss ion r e d u c t i o n  

which has been adequate ly  demonstrated. The l e g i s l a t i v e  h i s t o r y  o f  

S e c t i o n  111 and v a r i o u s  c o u r t  d e c i s i o n s  make c l e a r  t h a t  t h e  

A d m i n i s t r a t o r ' s  judgment of what i s  adequate ly  demonstrated i s  n o t  l i m i t e d  

t o  systems t h a t  are i n  a c t u a l  r o u t i n e  use. The search may i n c l u d e  a 

t e c h n i c a l  assessment of c o n t r o l  systems which have been adequate ly  

demonstrated b u t  f o r  which t h e r e  i s  l i m i t e d  o p e r a t i o n a l  exper ience. I n  

most cases, d e t e r m i n a t i o n  o f  t h e  II. I . degree o f  emiss ion r e d u c t i o n  

ach ievab le  . . . I '  i s  based on r e s u l t s  o f  t e s t s  o f  emissions f rom w e l l  

c o n t r o l l e d  e x i s t i n g  sources. A t  t imes, t h i s  has r e q u i r e d  t h e  

i n v e s t i g a t i o n  and measurement of emissions f r o m  c o n t r o l  systems found i n  

o t h e r  i n d u s t r i a l i z e d  c o u n t r i e s  t h a t  have developed more e f f e c t i v e  systems 

o f  c c n t r o l  than those a v a i l a b l e  i n  t h e  U n i t e d  States.  

S ince t h e  b e s t  demonstrated systems o f  emiss ion r e d u c t i o n  may n o t  

be i n  widespread use, t h e  da ta  base upon which standards a re  developed m a y  

be somewhat l i m i t e d .  Tes t  da ta  on e x i s t i n g  w e l l  c o n t r o l l e d  sources are 

obvious s t a r t i n g  p o i n t s  i n  develop ing emiss ion l i m i t s  f o r  new sources. 

However, s i n c e  t h e  c o n t r o l  of e x i s t i n g  sources g e n e r a l l y  rep resen ts  

r e t r o f i t  technology o r  was o r i g i n a l l y  designed t o  meet an e x i s t i n g  S t a t e  

o r  l o c a l  r e g u l a t i o n ,  new sources may be ab le  t o  meet more s t r i n g e n t  

emiss ion standards.  Accord ing ly ,  o t h e r  i n f o r m a t i o n  must be cons ide red  

b e f o r e  a judgment can be made as t o  t h e  l e v e l  a t  which t h e  emiss ion 

s tandard should be set .  
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A process for the development of a standard has evolved which takes 

i n t o  account the following considerations: 

1. Emissions from existing well controlled sources as measured 

2. Data on emissions from such sources are assessed w i t h  

consideration of such factors as: ( a )  how representative the 

tested source is i n  regard to  feedstock, operation, s ize ,  age, 

etc.; ( b )  age and maintenance of the control equipment tested; 

( c )  design uncertainties o f  control equipment being considered; 

and ( d )  the degree of uncertainty t h a t  new sources will be able 

t o  achieve similar levels of control, 

3 .  Information from p i l o t  and prototype instal la t ions,  guarantees 

by vendors of control equipment, unconstructed b u t  contracted 

projects, foreign technology, and pub1 ished l i t e ra ture  are also 

considered d u r i n g  the standard development process. This is  

especially important for sources where "emerging" technology 

appears t o  be a significant alternative. 

4. Where possible, standards are developed which permit the use of 

more than one control technique or licensed process. 

5. Where possible, standards are developed t o  encourage or permit 

the use of process modifications or new processes as a method 

of control rather t h a n  "add-on" systems of a i r  pollution 

control. 

In appropriate cases, s tandards  are developed to permit the use 

of systems capable of controlling more t h a n  one p o l l u t a n t .  As 

an example, a scrubber can remove b o t h  gaseous and particulate 

emissions, b u t  an e lec t ros ta t ic  precipitator is specific t o  

particulate matter. 

6. 
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7. Where appropr iate,  standards f o r  v i s i b l e  emissions are  

developed i n  con junc t ion  w i t h  concentration/mass emission 

standards, The opac i t y  standard i s  estab l i shed a t  a l e v e l  t h a t  

w i l l  r e q u i r e  proper operat ion and maintenance o f  t he  emission 

c o n t r o l  system i n s t a l l e d  t o  meet t h e  concentration/mass 

standard on a day-to-day basis. I n  some cases, however, i t  i s  

not  poss ib le  t o  develop concentration/mass standards, such as 

w i t h  f u g i t i v e  sources o f  emissions. 

opac i t y  standards may be developed t o  l i m i t  emissions. 

I n  these cases, o n l y  

2.4 CONSIDERATION OF COSTS 

Sect ion 317 o f  t he  Act  requi res,  among o ther  th ings,  an economic 

impact assessment w i t h  respect t o  any standard o f  performance es tab l i shed 

under Sect ion 111 o f  t h e  Act. 

analys is  o f :  

The assessment i s  requ i red  t o  conta in  an 

(1) the costs  o f  compliance w i t h  the  r e g u l a t i o n  and standard 

i n c l u d i n g  the  ex ten t  t o  which the  cos t  o f  compliance var ies  

depending on the e f f e c t i v e  date o f  the standard or  r e g u l a t i o n  

and the development o f  less  expensive or more e f f i c i e n t  methods 

o f  compl i ance; 

( 2 )  the  p o t e n t i a l  i n f l a t i o n a r y  recessionary e f f e c t s  o f  the standard 

or  regu la t ion ;  

( 3 )  t he  ef fects  on compet i t ion o f  the standard o r  r e g u l a t i o n  wi th  

respect t o  small business; 

( 4 )  the  ef fects  o f  the standard or  r e g u l a t i o n  on consumer cost, and, 

( 5 )  t he  ef fects  of the  standard o r  r e g u l a t i o n  on energy use. 
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Sect ion  317 r e q u i r e s  t h a t  t h e  economic impact assessment be as 

e x t e n s i v e  as p r a c t i c a b l e ,  t a k i n g  i n t o  account t h e  t i m e  and resources 

a v a i l a b l e  t o  EPA. 

The economic impact of a proposed standard upon an i n d u s t r y  i s  

u s u a l l y  addressed b o t h  i n  abso lu te  terms and by comparison w i t h  t h e  

c o n t r o l  c o s t s  t h a t  would be i n c u r r e d  as a r e s u l t  o f  compliance w i t h  

t y p i c a l  e x i s t i n g  Sta te  c o n t r o l  r e g u l a t i o n s .  An incrementa l  approach i s  

taken s i n c e  bo th  new and e x i s t i n g  p l a n t s  would be r e q u i r e d  t o  comply w i t h  

S t a t e  r e g u l a t i o n s  I n  t h e  absence o f  a Federal  standard o f  performance, 

T h i s  approach r e q u i r e s  a d e t a i l e d  a n a l y s i s  of t h e  impact upon t h e  i n d u s t r y  

r e s u l t i n g  f rom t h e  c o s t  d i f f e r e n t i a l  t h a t  e x i s t s  between a standard o f  

performance and t h e  t y p i c a l  S t a t e  standard, 

The c o s t s  f o r  c o n t r o l  o f  a i r  p o l l u t a n t s  are no t  t h e  o n l y  c o s t s  

l u t a n t s  as considered. T o t a l  environmental  c o s t s  f o r  c o n t r o l  o f  water PO 

w e l l  as a i r  p o l l u t a n t s  are analyzed wherever p o s s l b l e .  

A thorough study o f  t h e  p r o f l t a b i l l t y  and p r l c e - s e t t i n g  mechanisms 

o f  t h e  i n d u s t r y  i s  e s s e n t i a l  t o  t h e  a n a l y s i s  so t h a t  an accurate e s t i m a t e  

of p o t e n t i a l  adverse economic impacts can be made. 

t o  know t h e  c a p i t a l  requirements p laced on p l a n t s  i n  t h e  absence of 

Federa l  standards o f  performance so t h a t  t h e  a d d i t i o n a l  c a p i t a l  

It I s  a lso  e s s e n t i a l  

requ i remen t s  necess 1 t a  t e d  

perspec t ive .  F i n a l l y ,  i t  

c a p i t a l  a v a l l a b i l i t y  w i t h  

the a b i l i t y  o f  new p l a n t s  

i n s t a l  1 a t  i on o f  add i t i ona 

of performance. 

by these standards can be p laced I n  t h e  proper  

i s  necessary t o  recogn ize  any c o n s t r a i n t s  on 

n an i n d u s t r y ,  as t h i s  f a c t o r  a l s o  in f luences  

t o  generate t h e  c a p i t a l  r e q u i r e d  f o r  

c o n t r o l  equipment needed t o  meet t h e  standards 

r -, 

- \  
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2.5 CONSIDERATION OF ENVIRONMENTAL IMPACTS 

Section 102(2) (C)  of the National Environmental Policy Act (NEPA)  

of 1969 requires Federal agencies t o  prepare detailed environmental impact 

stakements on proposals fo r  legis la t ion and other major Federal actions 

s ign i f icant ly  affect ing the qua l i ty  of the human environment. 

objective of NEPA i s  t o  b u i l d  into the decision-making process of Federal 

agencies a careful consideration of a l l  environmental aspects of proposed 

actions. 

The 

In a number of legal challenges t o  standards of performance for  

various industries, the Federal Courts of Appeals have held tha t  

environmental impact statements need not  be prepared by the Agency fo r  

proposed actions under Section 111 of the Clean Air Act. 

Federal Courts of Appeals have determined tha t  I(. . . the best system of 

emission reduction, . . . requi re (s )  the Administrator to  take i n t o  

account counter-productive environmental e f f ec t s  of a proposed standard, 

as well as economic costs  to the industry . . . I '  On t h i s  b a s i s ,  

therefore,  the Courts 'I. . . established a narrow exemption from NEPA for 

EPA determination under Secti on 111. I' 

Essentially,  the 

In addition t o  these judicial  determinations, the Energy Supply and 

Environmental Coordination Act ( E S E C A )  of 1974 (PL-93-319) spec i f ica l ly  

exempted proposed actions under the Clean Air Act from NEPA requirements. 

According t o  Section 7 ( c ) ( l ) ,  "NO action taken under the Clean Air Act 

shal l  be deemed a major Federal action s igni f icant ly  affecting the qua l i ty  

Qf the human environment w i t h i n  the meaning of the National Environmental 

Policy Act of 1969." 
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The Agency has concluded, however, t h a t  t h e  p r e p a r a t i o n  o f  

env i ronmenta l  impact statements c o u l d  have b e n e f i c i a l  e f f e c t s  on c e r t a i n  

r e g u l a t o r y  ac t i ons .  

Sec t i on  102(2)(C) o f  NEPA, environm n t a l  impact statements w i l l  be 

prepared f o r  va r ious  r e g u l a t o r y  a c t  ons, i n c l u d i n g  standards o f  

performance developed under Sec t i on  111 of t h e  Act.  

p r e p a r a t i o n  o f  environmental  impact statements, however, i n  no way l e g a l l y  

s u b j e c t s  t h e  Agency t o  NEPA requi rements.  

Consequently, w h i l e  n o t  l e g a l l y  r e q u i r e d  t o  do so by  

T h i s  v o l u n t a r y  

To implement t h i s  p o l i c y ,  a separate s e c t i o n  i s  incuded i n  t h i s  

document which i s  devoted s o l e l y  t o  an a n a l y s i s  o f  t h e  p o t e n t i a l  

env i ronmenta l  impacts assoc ia ted  w i t h  t h e  proposed standards.  Both 

adverse and b e n e f i c i a l  impacts i n  such areas as a i r  and water p o l l u t i o n ,  

increased s o l i d  waste d i sposa l ,  and increased energy consumption are 

i d e n t i f i e d  and discussed. 

2.6 IMPACT ON E X I S T I N G  SOURCES 

Sec t i on  111 of t h e  A c t  d e f i n e s  a new source as 'I. . . any 

s t a t  onary source, t h e  c o n s t r u c t i o n  o r  m o d i f i c a t i o n  o f  which i s  commenced 

. . 'I a f t e r  t h e  proposed standards a re  publ ished.  An e x i s t i n g  source 

becomes a new source i f  t h e  source i s  m o d i f i e d  o r  i s  recons t ruc ted .  Both 

m o d i f i c a t i o n  and r e c o n s t r u c t i o n  are d e f i n e d  i n  amendments t o  t h e  genera l  

p r o v i s i o n s  o f  Subpart A o f  40 CFR P a r t  60 which were promulgated i n  t h e  

Federa l  R e g i s t e r  on December 16, 1975 (40 FR 58416). 

o p e r a t i o n a l  change t o  an e x i s t i n g  f a c i l i t y  which r e s u l t s  i n  an i nc rease  i n  

t h e  emission r a t e  of any p o l l u t a n t  f o r  which a standard a p p l i e s  i s  

cons idered a m o d i f i c a t i o n .  Recons t ruc t i on ,  on t h e  o t h e r  hand, means t h e  

replacement o f  components o f  an e x i s t i n g  f a c i l i t y  t o  the e x t e n t  t h a t  t h e  

f i x e d  c a p i t a l  c o s t  exceeds 50 pe rcen t  o f  t h e  c o s t  o f  c o n s t r u c t i n g  a 

Any p h y s i c a l  o r  
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comparable e n t i r e l y  new source and t h a t  i t  be t e c h n i c a l l y  and economical ly  

feas- ib le  t o  meet t h e  a p p l i c a b l e  standards. I n  such cases, r e c o n s t r u c t i o n  

i s  e q u i v a l e n t  t o  new c o n s t r u c t i o n .  

Promulgat ion o f  a standard o f  performance r e q u i r e s  S t a t e s  t o  

e s t a b l i s h  standards o f  performance f o r  e x i s t i n g  sources i n  t h e  same 

i n d u s t r y  under Sect ion l l l ( d )  o f  t h e  A c t  if the standard f o r  new sources 

l i m i t s  emissions o f  a designated p o l l u t a n t  ( i .e . ,  a p o l l u t a n t  f o r  which 

a i r  q u a l i t y  c r i t e r i a  have n o t  been issued under Sec t ion  108 o r  which has 

n o t  been l i s t e d  as a hazardous p o l l u t a n t  under Sec t ion  112). If a Sta te  

does n o t  act ,  EPA must e s t a b l i s h  such standards, General p r o v i s i o n s  

o u t l i n i n g  procedures f o r  c o n t r o l  o f  e x i s t i n g  sources under Sec t ion  111( d) 

were promulgated on November 17, 1975, as Subpart B o f  40 CFR P a r t  60 

(40 FR 53340). 

2.7 R E V I S I O N  OF STANDARDS OF PERFORMANCE 

Congress was aware t h a t  t h e  l e v e l  o f  a i r  p o l l u t i o n  c o n t r o l  

ach ievable by any i n d u s t r y  may improve w i t h  t e c h n o l o g i c a l  advances. 

Accord ing ly ,  Sec t ion  111 o f  t h e  a c t  p rov ides  t h a t  t h e  A d m i n i s t r a t o r  ' I .  , . 
s h a l l ,  a t  l e a s t  every 4 years, rev iew and, i f  appropr ia te,  r e v i s e  . . . I1 

t h e  standards. Revis ions are made t o  assure t h a t  t h e  standards cont inue 

t o  r e f l e c t  the  bes t  systems t h a t  become a v a i l a b l e  i n  the  f u t u r e .  Such 

r e v i s i o n s  w i l l  n o t  be r e t r o a c t i v e  bu t  w i l l  apply  t o  s t a t i o n a r y  sources 

cons t ruc ted  or  modi f ied a f t e r  the  proposal  o f  t h e  r e v i s e d  standards. 
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CHAPTER 3 

THE S T A T 1  ONARY RECIPROCATING INTERNAL COMBUST1 ON 
ENGINE PROCESS AND INDUSTRY 

3.1 GENERAL 

S t a t i o n a r y  r e c i p r o c a t i n g  i n t e r n a l  combustion ( I C )  engines operate on 

t h e  same p r i n c i p l e s  as t h e  common automobi le o r  t r u c k  engine, 

I n s t a l l e d  almost anywhere, s ince  they  can be inst rumented f o r  remote 

opera t i on ,  can use gasol ine,  d i e s e l  f u e l ,  n a t u r a l  gas, sewage gas, and 

c e r t a i n  m i x t u r e s  o f  these f u e l s ,  and r e q u i r e  r e l a t i v e l y  l i t t l e  water .  

Engines are manufactured i n  s i zes  r a n g i n g  f r o m  l e s s  than  1 hp t o  n e a r l y  

50,000 hp, a l though t h e  l a r g e s t  one b u i l t  i n  the U n i t e d  S ta tes  i s  13,500 hp. 

I n s t a l l a t i o n s  c h a r a c t e r i s t i c a l l y  have a low p h y s i c a l  p r o f i l e  ( l ow  b u i l d i n g s ,  

s h o r t  stacks,  l i t t l e  v i s i b l e  emissions, and q u i e t  o p e r a t i o n  when p r o p e r l y  

m u f f l e d ) ,  a t  l e a s t  when i n s t a l l e d  as s i n g l e  u n i t s .  They a re  o f t e n  l o c a t e d  

i n ,  o r  ad jacen t  t o ,  l a r g e  urban centers ,  where power demands are g r e a t e s t  

and p o l l u t i o n  problems are o f t e n  t h e  most severe. 

They can be 

IC engines are be ing  used i n  a m u l t i t u d e  o f  a p p l i c a t i o n s  because o f  

t h e i r  s h o r t  c o n s t r u c t i o n  time, ease o f  i n s t a l l a t i o n ,  and remote o p e r a t i o n  

c a p a b i l i t y  w i t h  a v a r i e t y  o f  f u e l s  over a l a r g e  range o f  speeds and loads.  

These a p p l i c a t i o n s  range from d r i v i n g  l a r g e  m u n i c i p a l  e l e c t r i c a l  genera to rs  

t o  Powering smal l  a i r  compressors and welders.  

manufacturers  and users o f  I C  engines are presented i n  t h e  f o l l o w i n g  

subsect ions , 

F u r t h e r  d e t a i l s  about t h e  
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3.1.1 Engine Manufacturers 
--e - 
Approximately 40 f i r m s  manufacture I C  engines f o r  s t a t i o n a r y  

I- 

app l ica t ions  i n  the United States, and many others produce fo rg ings ,  f u e l  

systems, turbochargers, heat exchangers, and r e 1  ated components. I n  

add i t ion ,  many O r i g i n a l  Equipment Manufacturers (OEM's) purchase engines t o  

incorpora te  i n t o  such f i n a l  products as t rucks,  t r a c t o r s ,  compressors, _ _  

welders, pumps, generator sets, and o ther  machinery. These OEM's are 

s i g n i f i c a n t  customers f o r  some manufacturers, p a r t i c u l a r l y  those who make 

t ruck  and t r a c t o r  engines. 

about 400 OEM's, whereas another claims h i s  company deals w i t h  40(1) .  

add i t ion ,  several  o f  the manufacturers o f  smal l -  and medium-sized engines s e l l  

t h e i r  product t o  dealers and d i s t r i b u t o r s ,  who, i n  turn,  s e l l  them t o  the  end 

users. Therefore, the manufactur ing companies have 1 i t t l e  knowledge o r  

con t ro l  over the end-use o f  t h e i r  engines, 

One such manufacturer has s ta ted  t h a t  he s e l l s  t o  

I n  

To f u r t h e r  compl icate t h e  

s i t u a t i o n ,  some engine manufacturers a r  

from other  manufacturers i n  s ize  ranges 

m a t e  these purchased engines w i t h  t h e i r  

For the purposes o f  t h i s  discuss 

be categor ized i n t o  four  major groups: 

themselves OEM's; they buy engines 

t h a t  they  do not  produce, and then 

own compressors, generators, e tc .  

on, manufacturers o f  I C  engines can 

(1) f l r m s  manufactur ing large-bore 

~ -_ 

(g rea ter  than 8 inches), low- and medium-speed ( l ess  than 1200 rpm) engines; 

( 2 )  f i r m s  manufactur ing p r i n c i p a l l y  smal l -bore (less than 6-1/2 inches),  

medi um-power, h i  gh-speed engi nes (g rea ter  than 1200 rpm) ; ( 3 )  f I rms 

manufacturing low-power ( l ess  than 100 h p ) ,  high-speed engines and generator 

sets;  and ( 4 )  f i r m s  which manufacture small ( l ess  than 20 hp) one-cyl inder,  

a i r -cooled gasol ine engines p r i n c i p a l l y  used f o r  lawn and garden equipment. 

Table 3-1(2) shows these f i r m s  i n  t h e i r  respec t ive  categor ies.  

there i s  some over lap i n  power r a t i n g s  o f fe red  by members o f  the f i r s t  th ree  

Although - 
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TABLE 3-1. IC ENGINE MANUFACTURERS(*) 

blanufacturer 

Large Bore Engines 
A1 co 
Colt 
Coope r- Bes scmer 
ElectroMotive Div (GM) 
Enterprise 
Dresser-C1 ark 
Ingersoll-Rand 
Worthi ngtonc 
Whi te Superior 

Medium Bore Engines 
A1 1 i s - Cha 1 me rs 
Case 
Caterpillar 
Chevrolet-Oldsmbile (GM) 
C hry s 1 e r  
Cooper-Penjax 
Cumins 
Detroit Diesel 
Ford 
I n  t e  rnat 1 onal Harvester 
John Deare 
Mlnneapol is-Mol ine 
Murphy 
Sterling 
Stewart and Stevenson 
Tel edyncr Con t i nen t a  1 
W a u ke s h a  e 
White Eligines (Hercules) 

d 

.- 

Bore, 
inches 

9 
8 - 16 

13  - 20 
9 

13 - 17 
17 - 19  
11 - 17 
14  - 16  
8 - 14 

3-1/2 - 6 
3-314 - 4-118 
4-1/2 - 6-114 
3-718 - 4-114 
3-114 - 4-114 

5 - 15 
4-112 - 6-1/4 
3-718 - 5-314 
4-118 - 4-112 
3-718 - 5-318 

4 - 4-314 
4-114 - 5-5/16 
5-112 - 6-318 

3 - 5-112 
3-7/8 - 4-314 

3-718 
3-518 - 9-318 
3-314 - 4-112 

CIDlcyla 

666 
1037-3526 
21 55-6283 

645 
1200-4770 
3860-51 00 
1350-4993 
2972-4021 
510-825 

43-169 
47-84 
79-246 
26-57 
28-52 

128-2827 
63- 192 
53-1 49 
26-67 
39-136 
55-89 
71 -1 33 

142-207 
16-166 
53-149 
28-41 
38-586 
35-80 

Power 

Range hP * 

I000 - 4400 
850 - 9400 
900 - 13500 
800 - 3600 

1600 - 13500 
1000 - 10000 
1000 - 5500 
2300 - 8600 
400 - 2650 

29 - 850 
50 - 125 
85 - 1000 
50 - 215 
43 - 175 
i 5  - 300 

120 - 1200 
50 - 1100 
38 - 200 
16 - 325 
44 - 180 
90 - 180 

110 - 520 
16 - 152 
30 - 1100 
50 - 80 

, 52 - 1550 
34 - 130 

Cy1 inder 
Power, 
hplcyl 

~-~ 

175 - 250 
175 - 500 
360 - 675 
100 - 180 
280 - 680 
200 - 500 
125 - 330 
125 - 330 

75 - 150 

10 - 70 
12 - 30 
21 - 63 
1 3  - 27 
12 - 30 
15 - 150 
20 - 100 
20 - 68 

9 - 22 
9 - 50 

15 - 30 
15 - 29 
30 - 60 
8 - 20 

12 - 14 
20 - 68 
8 - 110 

12 - 26 

0 
Speed Z 
Range, & 

rPm 

400- 1200 
500-900 
250-600 

900 
400-600 
300-330 
300-550 
300-500 
900- 1 000 

1200-2600 
1200-2200 
1200-2400 
3600-4000 
1200-4000 
200-900 

1200-2100 
1800-2500 
2500-4600 
1800-3000 
1500-2500 

1800 
1200-1 800 
1200-1800 
1200-1800 
2000-2400 
1000-1 800 
2400-2800 

aCubic ini:h displacement per cylinder 
bHorsepower i s  for rated conditions (continuous operation) @ 13OOF intercooler water temperature for 

ZWorthington ceased producing engines during the writing o f  this report. 

‘The manuPacturer straddles the mediun- t o  large-bore categories, however, the majority of engine 

large-bore engines and 85OF inlet  a i r  temperature f o r  medium-bore engines. 

This manirfacturer produces high power one- and  two-cy1 inder engines. 

production i s  I n  the mediun-bore category. 
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TABLE 3-1. Concluded 

I 

Manufacturer 

e20 
1 - 2-114 

2-112 - 16 

Small Engines and Generator Sets 
Kohler 
Onan 
Teledyne Wiscons 
Wllls Industrles 
I41 t t e  

n 

I. 

Very Small Engines 
Brlggs a n d  S t ra t ton  
Chryslcr 
C1 fn ton  
Home1 I t e  
Jacobscn 
Outboard Marlne Corp, 

McCul loch 
O I R  
Tec urns e h 

( Lawn . Boy) 

Bore I 

Inches 

- 
3-1 14 

2-314 - 4-118 - 
4-1/4 - 5 

2-318 - 3-9/16 
2 - 2-1/4 

2-112 - 2-318 
1-7/16 - 2-314 

2-1 I8 
2-318 

1-318 - 2-114 
1-118 - 1-17/32 
2-318 - 3-112 

CIDlcyla 
Power 

R a n r  , 
hP 

3-314 - 28 
8 - 30 

3-112 - 80 
1 1  - 28 
9 - 27 

2 - 16 
3-114 - 8 

4 - 7  
2 - 4  

3 
4 0 

Cy1 inder 
Power, 
hp/cyl 

3 - 7  
6 - 8  

3-112 - 20 
1 1  - 14 
9 - 14 

2 - 16 
3-114 - 8 

4 - 7  
2 - 4  

3 - 
- 

1 - 2-112 
2-112 - 16 

0 
Speed 
Range, t- 
rpm 

2000-2700 
1800-3900 
2400-3600 

3000 
800-1800 --- 

31 00-4000 
5500-7000 
1600-5800 - 

3600 

- 
6300-7200 
2500-3600 

'Cubic inch displacement per cyllnder 
bHorsepower i s  for rated conditions (continuous opcratlon) 0 1 3 O O F  fntercooler water temperature for  
large-bore engines and 85'F inlet  a i r  temperature for  medium-bore engines, ,- . 

, 
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groulps (Figure 3 - l ) ,  the differences tend t o  be more d is t inc t  when viewed on 

a power-per-cylinder, displacement-per-cylinder, or bore basis (Figures 3-2, 

3-3 ,  and 3-4) .  

high-power engines, w i t h  only Waukesha and Cooper-Penjax straddling the two 

categories. More significant,  however, is the fac t  that  the market 

interactions between firms i n  the different groups are of f a r  less  importance 

t h a n  the interactions w i t h i n  the groups.  

industry i s  i n  many ways fou r  industries, each w i t h  i t s  own markets and 

The l a t t e r  two show the clearest  division between medium- and 

Thus ,  the stationary IC engine 

problms. 

Any IC engine can be adapted for use i n  stationary applications ( f o r  

T h u s ,  example, automotive engines are easi ly  adapted for  irrigation pumps). 

any engine manufacturer i s  a potential source of stationary engines. 

However, the following discussion will concentrate only on those 

manufacturers who market engines specif ical ly  for  stationary applications. 

All b u t  three of the manufacturers are divisions or subsidiaries o f  

1 arge, diversified corporations w i t h  stationary engine sales accounting f o r  

a small p a r t  of to ta l  corporate revenue.l/ Total sales o f  stationary 

engines are in the range of $300 million t o  $400 million per year. 

most, firms manufacture engines for  nonstationary as well as stationary 

applications, i t  i s  d i f f i cu l t  t o  determine employment direct ly  a t t r ibutable  

Since 

t o  stationary engines. Assuming, however, t h a t  the percentage of employment 

at  a. p l a n t  at tr ibutable t o  stationary engines i s  equal t o  the percentage of 

sales a t t r ibutable  t o  stationary engines, i t  i s  estimated t h a t  between 15,000 

YThe discussion i n  this paragraph excludes manufacturers of engines 
under 20 hp. 
to $500 million. 

Their annual sales  are  also i n  the range of $300 m i l l i o n  
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and 30,000 people are employed direct ly  i n  the manufacture of stationary 

engines. 

3.1.1.1 Large-Bore, High-Power, Low- and Medium-Speed Engines 

Most of the 1 arge-bore, h i  gh-power (>lo0 hp/cyl i nder) engines 

manufactured are four-cycle, compression-ignition engines designed t o  operate 

on either diesel o i l  or a mixture of o i l  and na tura l  gas ( d u a l  f ue l ) .  

remainder o f  the engines are spark-ignited natural gas engines, abou t  equally 

distributed between two- and  four-cycle varieties.  Some engines are b u i l t  t o  

operate as e i ther  spark-ignited or compression-ignited (dual fuel or o i l )  and 

can easily be switched i n  the f i e ld  i n  response t b  fuel avai labi l i ty .  

Production of large-bore engines for stationary applications is  currently i n  

the range of 1000 t o  2000 units/year w i t h  a t o t a l  production value of $80 

million t o  $150 m i l l i o n .  

years, with some firms showing a s l ight  growth and others, particularly those 

manufacturing gas engines, h a v i n g  declining sales ,  These manufacturers 

expect sales t o  grow a t  an annual ra te  of 5 t o  10 percent, on a total  

horsepower basis, for the next 5 years as demand increases for engines for 

nuclear s tandby and na tu ra l  gas pipelines (see Section 7 .1 .2) .  

The 

1 

Sales have been largely constant over the l a s t  5 

Between 5000 

and  6000 people are employed i n  the manufacture of stationary high-power 

eng i nes. 

As Figure 3-1 indicates, there i s  a region o f  overlap between the 

power ranges offered by the manufacturers of 1 arge- and medium-bore engines. 

There are basic differences, however, which separate the two groups. Large- 

bore engines produce high-power o u t p u t  a t  low speeds due t o  t he i r  large 

displacement and consequent h i g h  power per cy1 inder. 

i n  contrast, have lower power per cylinder (and therefore more cylinders f o r  

Smaller bore engines, 

I -i 

r -, 

.- - 
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t h e  same engine horsepower) and achieve h i g h  o u t p u t s  by u t i l i z i n g  h i g h  

r o t a , t i v e  speeds. 

sma l le r ,  l e s s  expensive, and capable o f  r u n n i n g  a t  a w ide r  range o f  speeds. 

Low-speed, l a rge -bo re  engines, on t h e  o the r  hand, a re  more economical t o  

ope ra te  c o n t i n u o u s l y  because o f  lower f u e l  consumption and longer  l i f e t i m e s .  

For these reasons, high-speed engines tend t o  f i n d  d i f f e r e n t  a p p l i c a t i o n s  

(see below) than low-speed engines o f  t he  same power, and t h e r e  i s  l i t t l e  

c o m p e t i t i o n  between f i r m s  i n  these two groups. 

Thus, f o r  t h e  same power r a t i n g ,  high-speed engines a re  

3.1.1.2 Medium-Power, High-speed Engines 

The f i r m s  manu fac tu r ing  medium-size, high-speed engines (110 t o  100 

hpJcy1 i n n e r  and g r e a t e r  than 1000 rpm) v a r y  g r e a t l y  i n  s i z e ,  employing f rom 

l e s s  than 200 t o  more than  10,000 people i n  engine manufactur ing.  A l though  

four  f i rms,  Cumins ,  C a t e r p i l l a r ,  D e t r o i t  D i e s e l  A l l i s o n  D i v i s i o n  o f  General 

Motors, and Ford, dominate d i e s e l  engine p r o d u c t i o n  ( w i t h  annual sa les  o f  

60,000 Lo 120,000 u n i t s  each), t hey  concen t ra te  t h e i r  sa les  i n  t h e  t ruck ,  

t r a c t o r ,  c o n s t r u c t i o n ,  and m a t e r i a l  h a n d l i n g  marke ts (3 ) .  

Motors,  and I n t e r n a t i o n a l  Harves te r  a l s o  manufacture s i g n i f i c a n t  q u a n t i t i e s  

o f  gaso ' l ine- fue led t r u c k  and t r a c t o r  engines. Therefore,  most of t h e  

s t a t i o n a r y  engines produced by these manufacturers  are m o b i l e  engines 

m o d i f i e d  f o r  s t a t i o n a r y  i n s t a l l a t i o n  and constant  speed o p e r a t i o n .  Three 

a d d i t i o n a l  f i rms ,  I n t e r n a t i o n a l  Harvester,  Waukesha, and Teledyne 

Con t inen ta l ,  each s e l l  'about as many engines f o r  s t a t i o n a r y  a p p l i c a t i o n s  

(5000 t o  15,000 pe r  y e a r )  as do the f o u r  l a r g e r  companies(4,5,6). 

remain ing manufacturers  i n  t h i s  group are sma l le r .  

Ford, General 

The 

Medium-power engines are predominant ly  gaso l i ne -  and d i e s e l - f u e l e d ;  

n a t u r a l  gas engines are l e s s  impor tan t .  Because of t h e  wide range o f  
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power offered, f rom 50 t o  1500 hp, these engines are used i n  a wide v a r i e t y  

of m i s c e l l  aneous i n d u s t r i  e l ,  commerci a l ,  nonpropul s i  ve marine, and 

a g r i c u l t u r a l  a p p l l c a t i o n s  where s h a f t  power i s  needed and e l e c t r i c i t y  i s  

e i t h e r  u n a v a i l a b l e  o r  i n a p p r o p r i a t e  (see Chapter 3.1.2). 

Al though p r e c i s e  p r o d u c t i o n  da ta  are unava i l ab le ,  we e s t i m a t e  t h a t  

sa les  o f  d i e s e l  medium-power, high-speed engines f o r  s t a t i o n a r y  a p p l i c a t i o n s  

have been i n  t h e  range o f  60,000 t o  80,000 u n i t s l y e a r  over  t h e  p a s t  6 y e a r s  

w i t h  a t o t a l  va lue  o f  $150 t o  $200 m i l l i o n  per year  (FOB p l a n t ) ,  and annual 

sa les  f o r  g a s o l i n e  medium-power, high-speed engines have been approx ima te l y  

100,000 w i t h  a t o t a l  va lue o f  $50 m i l l i o n  (FOB p l a n t ) .  Sales o f  t hese  

engines have been e r r a t i c  f rom one year  t o  the  next ,  b u t  t h e  genera l  t r e n d  , -  

seems t o  be upward, 

t he  same range as t h e  economy ( t h a t  i s ,  a t  3 t o  5 p e r c e n t  pe r  y e a r )  b e f o r e  t h e  

recen t  downturn and concomitant economic u n c e r t a i n t i e s ( 7 , 8 )  

The i n d u s t r y  expected t h i s  growth t o  con t inue  a t  about 

3.1.1.3 Small Engines , 

F i v e  f i r m s  a r e  c l a s s i f i e d  as manufacturers  o f  small engines and 

genera to r  se ts .  

d iscussed manufacturers  i n  t h a t  t h e y  produce m o s t l y  one- and t w o - c y l i n d e r  

These manufacturers  are d i s t i n g u i s h e d  f rom the  p r e v i o u s l y  

/ 

engines of l e s s  than 50 horsepower, Al though t h e r e  i s  some o v e r l a p  between 
/ -  

t h e  power ranges o f f e r e d  by  t h e  manufacturers  o f  medium-power, h igh-speed 

engines and those o f  smal l  engines, most of the engines s o l d  by t h e  fo rmer  

group are l a r g e r  than 50 horsepower. 

The engines produced by t h e  f i v e  manufacturers  i n  t h i s  group a re  

m o s t l y  d i e s e l  and gasol ine,  one- and t w o - c y l i n d e r  models. 

produce some f o u r - c y l i n d e r  models. 

and fou r  of t h e  f i r m s  produce a i r - c o o l e d  engines. 

The f i r m s  a l s o  - 

A l l  have f o u r  s t r o k e s  pe r  power cyc le ,  

Onan, Kohler ,  and W i l l s  

, -  
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produce mainly engine-generator se t s  -- small, semiportable integral engines 

and generators t h a t  are used to  provide electr ical  power i n  remote locations. 

Other applications fo r  the engines include power for small pumps and blowers 

and off-the-road vehicles. A particularly important application for some 

manufacturers is refrigeration compressors for  trucks and railroad cars, and 

hydraulic pumps for  t rac tor - t ra i le r  dump trucks and trash compactors. Sales 

of small engines are i n  the range of $75 t o  $100 mi l l ion  per year, and 

employment is approximately 4000 t o  6000. 

3.1,,1.4 Very Small Engine Manufacturers 

In addition t o  the manufacturers discussed above, there are a t  least  

10 firms which produce one-cylinder, air-cooled gasoline engines rated a t  less  

t h a n  20 hp. These firms se l l  about 12.5 million engines per year (1973) w i t h  

a t o t a l  product value of $400 m i l l i o n @ ) ,  Therefore, the u n i t  wholesale cost 

o f  each engine is  a b o u t  $30. 

garden equipment and chain saws, and t o  a lesser degree for recreational 

vehicles, such as snokmobiles and small a l l - terrain vehicles. The d o l l a r  

sales  of these engines constitutes 60 percent o f  the value of a l l  gasoline 

engines (except .automotive, outboard, truck, bus, t a n k ,  and a i r c ra f t )  and i s  

approximately equal to  the d o l l a r  sales o f  a l l  other stationary engines 

(estlmated a t  $300 million t o  $400 m i l l l o n  annually, as mentioned above). 

These engines are used primarily f o r  lawn and 

3 . l . i !  Engine Users 

O n  the basis o f  installed horsepower, the principal stationary 

appllcations of IC engines are the following: o i l  and gas pipelines, o i l  and 

gas production, general industrial ( i n c l u d i n g  construction), e lectr ical  power 

generation, and agriculture, 

applications and usage patterns by fue l ,  
Table 3-2(10-32) shows estimated IC engine 
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P i p e l i n e  i n s t a l l a t i o n s  are concentrated i n  t h e  o i l  and gas producing ~. 

s t a t e s  on t h e  G u l f  Coast and i n  t h e  Midwest as shown i n  F i g u r e  3-5(a) (33) .  

E l e c t r i c  genera t ion  inc ludes  base l o a d  generat ion,  p r i n c i p a l l y  f o r  m u n i c i p a l i t i e s  

i n  t h e  p l a i n s  and Midwest, emergency standby f o r  v i t a l  p u b l i c  s e r v i c e s  and 

l a r g e  b u i l d i n g s  i n  urban areas, and remote genera t ion  ( f o r  mines and homes) 

i n  r u r a l  areas. A g r i c u l t u r e  a p p l i c a t i o n s  are p r i m a r i l y  i r r i g a t i o n  pumping, 

concentrated i n  those areas w i t h  i r r i g a t e d  fa rm lands, as shown i n  F i g u r e  

3-5(b) (34)  A d d i t i o n a l  a g r i c u l t u r a l  a p p l i c a t i o n s  i n c l u d e  f r o s t  c o n t r o l ,  h a r v e s t i n g  - 

( a u x i l i a r y  engines),  and sane remote e l e c t r i c  generat ion.  C o n s t r u c t i o n  a p p l i c a t i o n s  

i n c l u d e  p o r t a b l e  canpressors, welders,  pumps, e l e c t r i c  generat ion,  and m a t e r i  a1 

- 

hand1 i n g  equipment. 
I n  

For a p p l i c a t i o n s  o t h e r  than e l e c t r i c  power generat ion,  I C  engines 

o f t e n  compete w i t h  e l e c t r i c  motors. 

investment but  have an advantage i n  l o c a t i o n s  where gas and f u e l  o i l  are l e s s  

Engines i n v o l v e  a h igher  i n i t i a l  

I .1 expensive than e l e c t r i c i t y ,  such as remote o r  temporary c o n s t r u c t i o n  s i t e s .  

Thus, engines tend t o  be concentrated i n  areas where e l e c t r i c  power 

genera t ion  and t ransmiss ion  cos ts  are high, as i n  t h e  mountain and p r a i r i e  

s ta tes ,  o r  where f u e l  costs  are low, as i n  t h e  gas-producing areas along t h e  

_- . 

G u l f  Coast. 

3.2 PROCESSING AND THEIR EMISSIONS 

2/ 3.2.1 Fundamental D e s c r i p t i o n  o f  I C  Engines- 

R e c i p r o c a t i n g  i n t e r n a l  combustion engines produce s h a f t  power b y  

c o n f i n i n g  a combust ib le  m i x t u r e  i n  a smal l  volume between t h e  head o f  a 

p i s t o n  and i t s  surrounding c y l i n d e r ,  causing t h i s  m i x t u r e  t o  burn, and 
I- 

l.lMuch o f  t h e  materii.1 i n  t h i s  s e c t i o n  i s  drawn f rom References 35 and 36. 
These books descr ibe  t h e  o p e r a t i o n  of  I C  engines i n  cons iderab le  d e t a i l .  
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a l l o w i n g  t h e  r e s u l t i n g  h igh -p ressu re  p roduc ts  o f  combustion gases t o  push t h e  

p i s t o n .  Power i s  conver ted from l i n e a r  t o  r o t a r y  fo rm b y  means o f  a 

c r a n k s h a f t .  

There are two methods o f  i g n i t i n g  t h e  f u e l  and a i r  m i x t u r e ,  I n  

compression i g n i t i o n  ( C I )  engines, a i r  i s  compression heated i n  t h e  c y l i n d e r ,  

and d i e s e l  f u e l  i s  t h e n  i n j e c t e d  i n t o  t h e  h o t  a i r .  

A d i f f e r e n t  approach, however, i s  used f o r  g a s o l i n e  o r  gas- fue led engines 

where combustion i s  i n i t i a t e d  by  t h e  spark o f  an e l e c t r i c a l  d ischarge. 

Therefore,  these u n i t s  are spark i g n i t i o n  (SI) engines. 

mixed w i t h  t h e  a i r  i n  a c a r b u r e t o r  ( f o r  g a s o l i n e )  o r  a t  t h e  i n t a k e  va l ve  ( f o r  

n a t u r a l  gas), b u t  o c c a s i o n a l l y  t h e  f u e l  i s  i n j e c t e d  i n t o  t h e  compressed a i r  

i n  t h e  c y l i n d e r ,  A l though a l l  d i e s e l - f u e l e d  engines are compression i g n i t e d  

and a l l  g a s o l i n e  and gas- fue led engines are spark i g n i t e d ,  gas can be used i n  

a compression i g n i t i o n  engine i f  a smal l  amount o f  d i e s e l  f u e l  i s  i n j e c t e d  

I g n i t i o n  i s  spontaneous. 

U s u a l l y  t h e  f u e l  i s  

i n t c l  t h e  compressed g a s - a i r  m i x t u r e  t o  i n i t i a t e  bu rn ing .  

engines are u s u a l l y  designed t o  burn any m i x t u r e  r a t i o  o f  gas and d i e s e l  o i l ,  

frorn 6- t o  100-percent o i l  (based on h e a t i n g  va lue ) .  

Such "dua l  f u e l "  

C I  engines can opera te  a t  a h i g h e r  compression r a t i o  ( r a t i o  o f  

c y l i n d e r  volume when t h e  p i s t o n  i s  a t  t h e  bottom o f  i t s  s t r o k e  t o  volume when 

i t  i s  a t  t h e  t o p )  t h a n  SI engines because f u e l  i s  n o t  present  d u r i n g  

compression and hence t h e r e  i s  no danger o f  premature a u t o - i g n i t i o n .  

t h e  thermal  e f f i c i e n c y  o f  an engine increases w i t h  i n c r e a s i n g  p ressu re  r a t i o  

(and p ressu re  r a t i o  v a r i e s  d i r e c t l y  w i t h  compression r a t i o ) ,  C I  engines a re  

more e f f i c i e n t  t h a n  S I  ones. 

expense of poorer  a c c e l e r a t i o n  and a h e a v i e r  s t r u c t u r e  t o  w i t h s t a n d  t h e  

h i g h e r  pressures.  

Since 

T h i s  increased e f f i c i e n c y  i s  gained a t  t h e  
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I n  add i t ion ,  engines m a y  be descr ibed by the  number o f  strokes per  

cyc le  (two o r  f o u r )  and t h e  method o f  i n t roduc ing  a i r  and f u e l  i n t o  t h e  

cy1 i nder 

I n  t h e  four -s t roke  cycle, t he  sequence o f  events may be summarized as 

f o l  laws (see F igure  3-6) (37) : 

1. In take  s t roke  -- suc t i on  o f  t he  a i r  or  a i r  and f u e l  m ix tu re  i n t o  

t h e  cy l i nde r  by the  downward mot ion o f  the p i s t o n  

Compression s t roke  -- compression o f  the  a i r  or  a i r  and f u e l  

mix ture,  thereby r a i s i n g  i t s  temperature 

I g n i t i o n  and power (expansion) s t roke  -- combustion and consequent 

downward movement o f  the p i s ton  w i t h  energy t r a n s f e r  t o  the 

crankshaf t  

Exhaust s t roke -- expuls lon o f  the exhaust gases from the c y l i n d e r  

by the upward movement o f  the  p l s t o n  

2. 

3. 

4 .  

This  desc r ip t l on  appl les t o  a n a t u r a l l y  aspi ra ted englne, which ut11 izes the 

vacuum created behind the  movlng p l s t o n  t o  suck i n  the  f r e s h  a i r  charge. 

However, many engines now pressur ize  the a l r  cy l i nde r .  Thls may be done w i t h  

e i t h e r  a turbocharger or a supercharger, The turbocharger i s  powered by a 

t u r b i n e  t h a t  I s  dr iven  by the energy i n  the r e l a t i v e l y  h o t  exhaust gases, 

wh l l e  a supercharger I s  dr iven  o f f  the engine crankshaft ,  

f s  used t o  Increase the power densi ty ,  o r  power output per u n i t  weight ( o r  

volume) o f  the  engine, Since the  dens l ty  o f  air Increases w i t h  pressure, t h e  

mass of a i r  t ha t  can be in t roduced i n t o  the cy l l nde r  increases w i t h  pressure. 

Furthennore, s ince the  a i r - t o - f u e l  r a t i o  a t  maximum power i s  f i x e d  by 

A l r  p ressu r i za t i on  

canbustion requirements, more f u e l  can be Introduced I n t o  the cy l i nde r  wi th 

h igh  pressure a l r  than w l t h  atmospheric pressure a i r ;  hence, more power can 

be obtained from a given c y l i n d e r  con f igu ra t l on .  As the  a i r  pressure I s  
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Piston 
Crank 

[and Crankshaft] 

Figure 3-6. The four-s t roke,  spark- igni t ion ( S I )  cyc le .  Four s t rokes  o f  
180" o f  crankshaft  ro t a t ion  each, or  720' o f  crankshaft  ro ta -  
t ion  per cyc le(37) .  
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increased, i t s  temperature i s  a l s o  r a i s e d .  

o f ten  cooled b e f o r e  e n t e r i n g  t h e  c y l i n d e r  t o  f u r t h e r  i nc rease  power. 

process i s  c a l l e d  i n t e r c o o l i n g  o r  a f t e r c o o l i n g .  

turbocharged n a t u r a l  gas- fue led engines a re  i n t e r c o o l e d  t o  p reven t  premature 

a u t o - i g n i t i o n  o f  t he  f u e l  and a r mix tu re (38 ) .  

Therefore,  t h e  p r e s s u r i z e d  a i r  i s  

T h i s  

I n  f a c t ,  a l l  h i g h  power 

- 1  

I n  a C I  engine, f u e l  i s  n j e c t e d  i n t o  t h e  c y l i n d e r  near t h e  end o f  t h e  

compression s t roke ;  whereas, i n  an SI engine, t h e  f u e l  i s  u s u a l l y  added t o  t h e  

a i r ,  downstream o f  t h e  tu rbocharge r  i f  any i s  used, b e f o r e  t h e  m i x t u r e  e n t e r s  

t h e  c y l i n d e r .  

ones), t h e  f u e l  i s  i n j e c t e d  i n t o  t h e  i n t a k e  m a n i f o l d  j u s t  ahead o f  t h e  

va lves.  

ca rbu re to rs ,  t h e  f u e l  o r  f u e l - a i r  m i x t u r e  can be i n t r o d u c e d  b y  " d i r e c t  

i n j e c t i o n "  i n t o  t h e  c y l i n d e r  head and communicates w i t h  t h e  p r i n c i p a l  

combustion volume. D i r e c t  i n j e c t i o n  u n i t s  are a l s o  c a l l e d  open chamber 

engines because combustion takes p lace  i n  the  open volume between the  t o p  o f  

t h e  p i s t o n  and t h e  c y l i n d e r .  T h i s  design c o n t r a s t s  w i t h  i n d i r e c t  i n j e c t i o n  

engines, where t h e  combustion begins i n  a f u e l - r i c h  (oxygen d e f i c i e n t )  

atmosphere i n  t h e  sma l le r  antechamber and then  expands i n t o  t h e  coo le r ,  

excess a i r  r e g i o n  o f  the main chamber. 

d i v i d e d  o r  precombustion chamber systems ( s w i r l  chamber i f  t h e  smal l  

antechamber i s  s p e c i a l l y  designed t o  promote s w i r l  -- see S e c t i o n  4.4.8). 

Prechamber designs can be used i n  ca rbu re ted  engines as w e l l ,  b u t  t h e y  have 

n o t  y e t  been a p p l i e d  t o  engines b u i l t  e x c l u s i v e l y  f o r  s t a t i o n a r y  

appl  i c a t i o n s .  

I n  some SI engines ( p a r t i c u l a r l y  l a r g e  n a t u r a l  gas - fue led  

Fo r  C I  engines o r  SI engines u s i n g  f u e l  i n j e c t i o n  i n s t e a d  o f  

These l a t t e r  engines are a l s o  c a l l e d  

There a re  t h r e e  major  advantages o f  d i v i d e d  chamber engines: l e s s  

s e n s i t i v e  t o  f u e l  v a r i a t i o n s ;  l ower  s t resses  on t h e  mechanical  p a r t s ,  such as 

connect ing rods, c ranksha f t ,  etc. ,  because of a lower  pressure r i s e  r a t e  
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d u r i n g  combustion; and lower  NOx p r o d u c t i o n .  

a r e s u l t  o f  incomplete p r i m a r y  combustion w i t h  an oxygen d e f i c i e n c y .  

Therefore,  by comparison w i t h  open chamber designs, combustion i s  l e s s  

s e n s i t i v e  t o  f u e l  d r o p l e t  spray pa t te rns ,  t h e  complete combustion process 

takes longer ,  and l e s s  oxygen i s  a v a i l a b l e  t o  combine wi th n i t r o g e n  i n  t h e  

i n i t i a l  h igh- temperature r e a c t i o n .  These b e n e f i t s  are a t t a i n e d  a t  t h e  expense 

of up t o  30 p e r c e n t  g r e a t e r  heat r e j e c t i o n  (due t o  the  su r face  area added by 

t h e  antechamber) and consequent 5-  t o  8-percent  f u e l  penal%y(39,40) 

All t h r e e  o f  these b e n e f i t s  are 

I n  a two-st roke design, t he  power c y c l e  i s  completed i n  one r e v o l u t i o n  

of t h e  c ranksha f t  as compared t o  two r e v o l u t i o n s  f o r  t h e  f o u r - s t r o k e  c y c l e  

(see F i g u r e  3-7).  

a i r  and f u e l  m ix tu re ,  i s  compressed f o r  i g n i t i o n .  

canbust ion the  p i s t o n  d e l i v e r s  power as i t  moves down. 

t h e  exhaust p o r t s  ( o r  exhaust va lves open), 

c y c l e ,  exhaust gas cont inues t o  be purged f rom the  c y l i n d e r ,  p a r t i a l l y  by t h e  

upward mo t ion  o f  t h e  p i s t o n  and p a r t i a l l y  by t h e  scavenging a c t i o n  of t h e  

incoming f r e s h  a i r ,  

and t h e  f r e s h  charge o f  a i r  or a i r  and f u e l  i s  compressed. 

As the p i s t o n  moves t o  the t o p  o f  the cy1 inder,  a i r ,  o r  an 

F o l l o w i n g  i g n i t i o n  and 

E v e n t u a l l y  i t  uncovers 

As t he  p i s t o n  begins t h e  n e x t  

F i n a l l y ,  a l l  p o r t s  are covered (and/or  va lves c losed) ,  

A i r  cha rg ing  i n  two-s t roke  designs i s  o f t e n  accomplished by means o f  

a low-pressure blower,  which a l s o  a i d s  i n  pu rg ing  the  exhaust gases; such 

systems are c a l l e d  blower-scavenged, 

(O'? supercharged) systems are a l so  common. 

N a t u r a l l y  a s p i r a t e d  and turbocharged 

The main advantage o f  two-st roke engines i s  t h e i r  horsepower-to-weight 

r a t i o  as compared t o  f o u r - s t r o k e  pr ime movers when b o t h  opera te  a t  t h e  same 

speed. 

t w i c e  as many power s t rokes  per u n i t  t ime as t h e  f o u r - s t r o k e .  I n  a d d i t i o n ,  

if p o r t s  are used i n s t e a d  o f  valves,  t he  mechanical  design o f  the engine i s  

T h i s  i s ,  o f  course, due t o  the f a c t  t h a t  the two-st roke des ign has 
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sirriplified. However, combustion cannot be controlled as well, and excess a i r  

is  needed t o  purge the cylinder. 

s l igh t ly  less  e f f i c i en t ,  and uncontrolled models tend t o  emit s l igh t ly  more 

pol 1 utants (primarily unburned hydrocarbons), t h a n  do t he i r  four-stroke 

counterparts(41). 

Therefore, these engines tend t o  be 

3.21.2 Emission Sources and Types i n  IC Engines 

Most of the pollutants from IC engines are emitted t h r o u g h  the 

exhaust. 

blowby (gases which are vented from the o i l  pan af ter  they have escaped from 

the cylinder past the piston rings) and from the fuel t a n k  and carburetor 

because of evaporation./ 

(ccmpression ignition) engines enter the atmosphere from the exhaust(43). 

Crankcase blowby i s  minor (0.18 g / h p - h r  H C  + NO,, 0,0063 g / h p - h r  C O )  because 

hydrocarbons are not present d u r i n g  compression of the charge(44,45). 

Evaporative losses are insignificant i n  diesel engines due t o  the low 

v o l a t i l i t y  of diesel fuels(46) .  In general, evaporative losses are also 

negligible i n  engines using gaseous fuels because these engines receive their  

fuel continously from a pipe rather than  v i a  a fuel storage t a n k  and fuel 

Puriip(47). 

hydrocarbon emissions f ran uncont ro l l  ed engi nes cane from crankcase blowby 

However, some hydrocarbons escape from the crankcase as a resul t  of 

Nearly a l l  of the hydrocarbons from diesel 

I n  gasoline-fueled engines, however, 20 t o  25 percent of the total  

and another 10 t o  15 percent from evaporation of the fuel in the storage t a n k  

a n d  the carburetor ( d i  v i  ded approximately equal ly between the two) (48). 

'Unt i l  recently i t  was t h o u g h t  t h a t  HC evaporative controls on 'automobile 
fuel tanks and carburetors reduced ernissions from these sources t o  a b o u t  
5 percent of the uncontrolled levels. However, fur ther ,  more comprehensive 
i:es*ting has shown t h a t  controlled vehicles actually allow HC t o  be 
ctvaporat d a t  approximately 70 percent of the ra te  from uncontrolled 
cars (42  e . 
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However, crankcase blowby emissions can be v i r t u a l l y  e l i m i n a t e d  through t h e  

simple expedient o f  t h e  p o s i t i v e  crankcase v e n t i l a t i o n  (PCV) va lve.  
- 

The pr imary  p o l l u t a n t s  from i n t e r n a l  combustion engines are ox ides o f  

n i t r o g e n  (NOx), hydrocarbons and o ther  organic  compounds (HC), carbon 

monoxide (CO) ,  and p a r t i c u l a t e s ,  which i n c l u d e  bo th  v i s i b l e  (smoke) and 

n o n v i s i b l e  emissions. 

and temperatures d u r i n g  the  combustion process and t o  t h e  n i t r o g e n  conten t  o f  

t h e  f u e l ,  The o ther  p o l l u t a n t s ,  HC, CO, and smoke, are p r i m a r i l y  t h e  r e s u l t  

of incomplete combustion. S p e c i f i c  d e s c r i p t i o n s  o f  these f o r m a t i o n  

mechanisms i n  SI and C I  engines a r e  discussed i n  Chapter 4. 

a d d i t i v e s  i n  the  f u e l  a lso  c o n t r i b u t e  t o  the p a r t i c u l a t e  content  o f  the 

exhaust, but  u s u a l l y  do not cause t h e  exhaust t o  be v i s i b l e .  A l though t h e  

odor o f  the exhaust ( p r i m a r i l y  a problem w i t h  d i e s e l s )  i s  b e l i e v e d  t o  be t h e  

r e s u l t  o f  sane organ ic  compounds i n  t h i s  exhaust ( p a r t i c u l a r l y  aldehydes), 

a p r e c i s e  r e l a t i o n  has not y e t  been e s t a b l i s h e d  between exhaust and 

odor(49-52).  Considerable research has l e d  t o  the  b e l i e f  t h a t  aldehydes may 

be one cause o f  odor i n  d i e s e l  and g a s o l i n e  exhaust, Aromat ic hydrocarbons 

and o ther  unburned elements o f  f u e l ,  as w e l l  as s u l f u r  species, may a lso  be 

a source o f  odor (53). 

~0~ f o r m a t i o n  i s  d i r e c t l y  r e l a t e d  t o  h i g h  pressures - 

- 

Ash and m e t a l l i c  

Oxides o f  s u l f u r ,  lead, and o t h e r  meta ls  a lso appear i n  t h e  exhaust 

from I C  engines. 

t h e  s u l f u r  content  o f  t h e  f u e l .  Most o f  t h e  meta ls  are f u e l  a d d i t i v e s  and 

g e n e r a l l y  leave the  engine as p a r t i c u l a t e s .  

g a s o l i n e  l i n e s  as an an t iknock  agent. 

The s u l f u r  compounds, ma in ly  S02, a re  d i r e c t l y  r e l a t e d  t o  

Lead i s  commonly added t o  

However, l a e d - f r e e  g a s o l i n e  i s  now 

a v a i l a b l e  nat ionwide, and leaded g a s o l i n e  may n o t  be marketed i n  q u a n t i t y  i n  

t h e  f u t u r e .  Al though var ious metals,  p a r t i c u l a r l y  barium, are sanetimes 

added t o  d i e s e l  f u e l  2s a smoke suppressant, t h e i r  use i s  not  recommendsd by 
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most engine manufacturers because of possible adverse e f fec ts  on the engines 

and on the envi ronment (54,551 

3.2.2.1 Emission Characteristics -- Spark Ignition Engines 

Typical uncontrolled emission rates (23-mode composite) ( 5 6  

stroke natural ly  aspirated gasol ine engines in g/brake h p - h r  are: 

13.1 f o r  H C ;  30.4 t o  89.8 f o r  CO; and 7.9 t o  13.9 f o r  N O X ( ~ ~ ) =  s 
brake spec i f ic  emission ra tes  from a l l  types o f  spark-ignited gas 

fo r  four-  

2.4 t o  

mil a r ly ,  

engines 

(two- and four-stroke, natural ly  aspi rated and turbocharged engines) are : 

0.4 t o  1.9 f o r  HC; 0 .2  t o  0.6 f o r  CO;  and 15.0 t o  32.0 for  N0,(58). 

Hydrocarbon emissions f r m  these engines may be pa r t i a l ly  burned  or 

completely unburned. 

of these pol lutants(59) .  

droplets impinge on the cylinder walls and are cooled below the i g n i t i o n  

Three general mechanisms are believed t o  be the cause 

The  f i r s t ,  wall quenching, ar ises  when fuel 

temperature. 

oxidized depends upon the wall temperature, the droplet temperature a t  

impingement, and the Combustion in tens i ty  nearby. 

emission, incomplete combustion, can be caused by one, or more, o f  the 

Bo1 1 owing: 

Whether the hydrocarbons remain unburned or are par t i  a l l y  

The second source of HC 

a .  Change in charge homogeneity 

b. Incorrect air-to-fuel r a t i o  ( t o o  rich or too  lean) 

C .  Low temperature o f  the incoming air-fuel  mixture 

d .  

e .  Defective ignit ion system 

Failure of the engine t o  purge a l l  the products of combustion 

Scavenging, or the displacement of exhaust gases in the cylinder by a 

fresh charge of a i r  or air and fue l ,  i s  the th i rd  mechanism resul t ing in  HC 

emissions. I t  is especially a fac tor  in carbureted two-cycle engines, where 
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p a r t  of t h e  i n t a k e  charge i s  swept o u t  w i t h  t h e  exhaust comp le te l y  escaping 

t h e  combus t i  on process. 

Carbon monoxide emissions a re  a l s o  r e l a t e d  t o  incomplete combustion. 

CO i s  formed d u r i n g  combustion and then  n o r m a l l y  combines w i t h  oxygen atoms 

( d i s s o c i a t e d  oxygen molecules)  t o  form C02, the f i n a l  p roduc t .  T h i s  l a s t  

r e a c t i o n  can o n l y  proceed a t  a h i g h  temperature (above 9000K) (60). 

i f  the o v e r a l l  m i x t u r e  i s  r i c h  o r  i f  s u f f i c i e n t  oxygen i s  n o t  a v a i l a b l e  

d u r i n g  and a f t e r  combustion, b e f o r e  t h e  products  o f  combustion coo l  below 

9000K, CO w i l l  be formed. Thus, b o t h  CO and HC a re  due t o  improper a i r - f u e l  

m i x i n g  and improper i n t r o d u c t i o n  i n t o  t h e  chamber. T h e i r  genera t i on  i s  a l s o  

a measure o f  t h e  i n e f f i c i e n c y  o f  the combustion process. 

Therefore,  

f o rma t ion ,  on t h e  o the r  hand, increases w i t h  i n c r e a s i n g  combust ion 

e f f i c i e n c y .  I t s  genera t i on  i s  governed by t h e  pressure,  temperature and 

oxygen c o n c e n t r a t i o n  d u r i n g  combustion. N i t r o u s  o x i d e  (NO)  i s  generated i n  

t h e  c y l i n d e r  when bo th  t h e  N2 and t h e  02 molecules d i s s o c i a t e  i n t o  f r e e  atoms 

a t  t h e  h i g h  temperature encountered d u r i n g  combustion, and t h e n  recombine t o  

fo rm NO. The r e a c t i o n  r a t e  toward NO increases e x p o n e n t i a l l y  w i t h  

temperature.  

above s t o i c h i o m e t r i c .  NO2 and o t h e r  NOx compounds form l a t e r  i n  t h e  presence 

o f  a d d i t i o n a l  oxygen. NOx emissions are p a r t i c u l a r l y  h i g h  from gas engines, 

which burn f u e l  w i t h  an excess o f  oxygen. I n  any engine, as the  a i r - t o - f u e l  

r a t i o  decreases f r u n  s t o i c h i o m e t r i c ,  NOx format ion decreases because of a 

l a c k  of excess oxygen. As t he  a i r - t o - f u e l  r a t i o  increases f rom 

s t o i c h i o m e t r i c ,  NOx f o rma t ion  f i r s t  increases due t o  t h e  presence o f  more 

oxygen. 

temperature and a consequent decrease i n  NOx f o r m a t i o n  ( F i g u r e  3-8)(61). 

Maximum temperatures occur when t h e  a i r - t o - f u e l  r a t i o  i s  j u s t  

F u r t h e r  increases i n  a i r  f l o w r a t e  cause a d e c l i n e  i n  peak combustion 
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Figure  3-8. Ef fec t  o f  A/F r a t i  on emissions f rom a 
gas01 i ne engi  ne(61 ? . 
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V i s i b l e  emissions (smoke) a r e  g e n e r a l l y  i n s i g n i f i c a n t  i n  gaso l ine  and 

gas engines. P a r t i c u l a t e s ,  however, may be present,  e s p e c i a l l y  as a r e s u l t  

o f  r i c h  f u e l  m ix tu res  o r  i m p u r i t i e s  i n  the  f u e l .  On a mass basis,  the 

m a j o r i t y  of p a r t i  c u l  a te  emi s s i  ons f r u n  gaso l ine  engine exhausts are now t h e  

r e s u l t  o f  l e a d  i n  t h e  f u e l ( 6 2 ) .  When smoke i s  present,  p a r t i c u l a t e  l e v e l s  

are h igh,  b u t  t h e  converse does no t  n e c e s s a r i l y  hold;  s i g n i f i c a n t  q u a n t i t i e s  

of n o n - l i g h t - s c a t t e r i n g  p a r t i c u l a t e s  can be e m i t t e d  i n  t h e  absence o f  v i s i b l e  

emissions. The b l u i s h  smoke t h a t  i s  sometimes observed, p a r t i c u l a r l y  i n  

o l d e r ,  p o o r l y  ma in ta ined engines, i s  caused by incomplete combustion o f  

crankcase o r  l u b r i c a t i n g  o i l  which i s  f o r c e d  pas t  worn p i s t o n  r i n g s  i n t o  t h e  

cy1 i n d e r  

- 

3.2,2,2 Emission C h a r a c t e r i s t i c s  -- Compression I g n i t i o n  Engines 

As mentioned p r e v i o u s l y ,  e s s e n t i a l l y  a l l  the p o l l u t a n t s  f rom d i e s e l  o r  

d u a l - f  ue l  engines are e m i t t e d  through t h e  exhaust (i, e., evapora t ive  and 

crankcase v e n t i l a t i o n  emissions are n e g l i g i b l e ) .  Again HC, CO, NOx and 

p a r t i c u l a t e  m a t t e r  are t h e  p o l l u t a n t s  o f  major  concern. 

these p o l l u t a n t s  i s  complex and n o t  comple te ly  understood. T y p i c a l  emission 

r a t e s  ( s p e c l f i c )  f o r  a l l  types o f  u n c o n t r o l l e d  d i e s e l  engines ( i n c l u d i n g  

four -s t roke ,  e i t h e r  n a t u r a l l y  a s p i r a t e d  o r  turbocharged and open- o r  d i v i d e d -  

chamber, and two-stroke, e i t h e r  b l  ower-scavenged o r  turbocharged)  i n  g/brake 

hp-hr are: 

NOx(63). 

by many of the same mechanisms t h a t  c o n t r i b u t e  t o  t h e i r  generat ion i n  SI 

engines. There are, however, two major d i f ferences:  t h e  f u e l  i n j e c t i o n  

system and the  combustion chamber design. 

c y l i n d e r  o f  a CI engine by a f u e l  i n j e c t o r ,  independent ly  o f  t h e  a i r ,  whereas 

The f o r m a t i o n  o f  

0.1 t o  2.9 f o r  HC; 0.3 t o  14.6 f o r  CO; and 2.1 t o  17.1 f o r  

Unburned and p a r t i a l l y  burned hydrocarbons are formed i n  C I  engines 

Fuel  i s  in t roduced i n t o  the 
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a fuel and air mixture generally i s  allowed to  flow into the cylinder of an 

SI  engine th rough  t h e  intake valve or port, 

in ai CI engine i s  heterogeneous by design. 

within the cylinder can be controlled somewhat by the design of the injector,  

and therefore, both wall quenching and large-scale inhomogeneities can be 

rninimized(64,65). 

chamber design are major factors which determine the quantity of H C  

emi t, ted ( 66,671 

Therefore, the fuel-air  mixture 

However, the fuel distribution 

Hence, bo th  the fuel injection system and the combustion 

Since the carbon monoxide resul ts  from incomplete combustion in the  

absence o f  suff ic ient  oxygen, and since CI engines are designed t o  operate 

lean (excess a i r ) ,  CO emissions are usually low. 

Conditions within the cylinder of a CI engine during combustion favor  

the production of NO,, because i t  is  formed a t  high temperatures and 

pressures in the presence of oxygen. However, h i g h  temperatures and 

pressures lead t o  high thermal e f f i c i e n c y  (low fuel consumption) a n d  h i g h  

air-,to-fuel r a t io s  lead t o  low smoke, HC,  and CO generation(68,69). 

Therefore, design compromises are usually required when an attempt i s  made t o  

redlice or limit NOx emissions. 

Smoke occurs i n  three forms: white (cold) smoke, blue, and black ( h o t  

The  white smoke consists primarily of unburned liquid fuel or smoke)C70). 

lubricating o i l  and  occurs at low load  or idle  conditions. Blue smoke is 

caused by lubrication oil  t h a t  leaks into the combustion chamber. Black 

smoke consists of carbon particles tha t  resul t  from incomplete combustion a t  

h i g h  temperatures. 

air-to-fuel r a t i o )  and poor mixing of the fuel-air  mixture. 

o f  white and blue smoke are usually not measured by manufacturers. 

generally report black smoke emission rates of less than 10-percent opac i ty  

Incomplete combustion i s  possible under h i g h  loads (low 

Emission rates 

They 
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(1.18 milligrams per cubic f o o t  for 2 16-inch diameter stack) for a well 

mai n t  a i  ned engi ne ( 71 -73) 

3.2.2.3 Effects of  Variables on Emissions 

Many variables affect  emissions from IC engines. Table 3-3(74) l i s t s  

these variables, divided into three categories. Those l is ted as I'Design" are 

features t h a t  are normally determined by the manufacturer. The "Operation 

Adjustment" category represents variables t h a t  can be altered by the user, 

Since these variables can be ad jus t ed  t o  reduce emissions, they are discussed 

i n  more detail  in Chapter 4 ,  Emission Control Techniques. The l a s t  column 

l i s t s  those variations in ambient a i r  conditions which af fec t  emissions. 

3.2.2.3.1 S i z e  

Engine size has a def ini te  effect  on emissions. Large-bore, low- t o  

medium-speed engines, independent of the fuel type (diesel ,  d u a l  fue l ,  

natural  gas ) ,  have certain common emission characterist ics.  

engines are designed for l o w  fuel consumption ( i . e , ,  h i g h  thermal 

efficiency). Furthermore, their  1 ow r o t a t i o n a l  speed maintains the products 

These 1 arge-bore 

~ ~. 

of combustion near peak temperature for  re la t ively long  periods of time. 

These slow speeds allow the designer t o  " t a i l o r "  his fuel injection schedule 

for  optimum resul ts ,  and the large combustion volumes also give h i m  more 

aerodynamic design freedom than i s  available t o  the manufacturer of small- or 

medium-bore engines(75). 

operate under steady conditions and almost always at more than 50 percent o f  

rated power; therefore, they do not have t o  contend w i t h  acceleration/ 

deceleration or 1 ow power requ irements (76 ,77) .  

Furthermore, these large engines are designed t o  

3-36 



(74)  TA5LE 3-3. FACTORS THAT AFFECT EMISSIONS FROM RECIPROCATING ENGINES 

Design 

Surface t o  volume ra t io  

Bore and stroke 

Val ve over1 ap 

Displ acement/cyl inder 

S t r o  kes/power cycl e 

Chamber desi gn 

Conip res s i on r a t  i o 

Air charging: 

- 

Naturally aspi rated 

Ell ower scavenged 

Turbocharged 

Fuel charging: 

Direct injection 

1:ndlrect injection 

C a r b u re t ed 

Engine cooling 

Operati on Ad jus t m e n t  

Air- to-f uel r a t io  

Torque (mean effective 
pressure) 

Speed 

Spark  t iming  

Fuel injection timing 

Fuel properties 

Lubrication and maintenance 

Ambient Condit ions 

Pressure (a1 ti  tude) 

Temperature 

Humidity 
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3.2.2.3.2 Load and A i r - t o - F u e l  R a t i o  

Load and a i r - t o - f u e l  (A /F )  r a t i o  v a r i a t i o n s  have a s i g n i f i c a n t  e f f e c t  

on NO,, co, HC, and p a r t i c u l a t e  emissions. 

i g n i t i o n  engines e x h i b i t  decreas ing brake s p e c i f i c  emissions of NOx w i t h  

i n c r e a s i n g  l o a d  ( i .e . ,  t h e  l ower  A/F r a t i o  and h i g h e r  power o u t p u t  overcome 

I n  general ,  d i e s e l  compression 

t h e  p o t e n t i a l  f o r  i nc reased  NOx p r o d u c t i o n  due t o  h i g h e r  tempera tu res ) (78 ) .  _ -  

C O  emissions f i r s t  decrease w i t h  i n c r e a s i n g  l o a d  ( e q u i v a l e n t  t o  i n c r e a s i n g  

temperature)  and then  inc rease  d r a m a t i c a l l y  as maximum l o a d  i s  approached. 

Incomplete combustion w i t h  t h e  decreas ing A/F r a t i o  ( i n c r e a s i n g  l o a d )  i s  

l a r g e l y  r e s p o n s i b l e  f o r  t h e  f i n a l  t r e n d  r e v e r s a l .  Brake s p e c i f i c  HC 

emissions, l i k e w i s e ,  decrease w i t h  i n c r e a s i n g  l o a d  as a r e s u l t  o f  i n c r e a s i n g  

temperature(79) .  

r e l a t i v e l y  h i g h  HC and CO emissions, p a r t i c u l a r l y  a t  low load  o p e r a t i o n ( 8 0 ) .  

Small ( l e s s  than  15 hp) S I  engines ( g a s o l i n e )  e x h i b i t  

F i g u r e  3-8 i l l u s t r a t e d  t h e  e f f e c t  o f  A/F r a t i o  upon emissions f r o m  
- 

spark i g n i t i o n  engines. 

A/F r a t i o s .  

Note t h a t  an engine whose A/F r a t i o  i s  ad jus ted  t o  y i e l d  l owes t  HC and CO 

NO, and CO emissions are v e r y  d e f i n i t e l y  r e l a t e d  t o  

These t rends  h o l d  throughout  t h e  l o a d  range f o r  an S I  engine. 

emissions has a maximum emission. An u n c o n t r o l l e d  engine t h a t  I s  

ad jus ted t o  n e a r - s t o i  c h i o m e t r i  c condi  t i  ons w i  11 mi  t r e 1  a t i  v e l y  1 arge 

q u a n t i t i e s  of NOx, whereas one t h a t  i s  r u n  e i t h e r  l e a n  o r  r i c h  w i l l  produce 

s i g n i f i c a n t  q u a n t i t i e s  of HC and CO (assuming o t h e r  m o d i f i c a t i o n s  o r  c o n t r o l  

technologies are no t  a p p l i e d  t o  c o n t r o l  HC and CO). 

3.2.2.3.3 C l i m a t e  and L o c a t i o n  

r 

A l l  t h e  e f f e c t s  o f  v a r i a t i o n s  i n  c l i m a t e  and geographic l o c a t i o n  on - 

emissions are r e f l e c t e d  by changes i n  t h e  pressure,  temperature, and h u m i d i t y  

o f  t h e  ambient a i r .  Pressure and temperature v a r i a t i o n s  a l t e r  t h e  d e n s i t y  of 
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t h e  i n l e t  a i r  charge and, hence, change t h e  a i r - t o - f u e l  r a t i o .  

consequences of changing A/F r a t i o  have j u s t  been discussed,)  

the:y change the  peak combustion pressure and temperature i n  p r o p o r t i o n  t o  

t h e i r  v a r i a t i o n s  i n  t h e  ambient a i r .  

f u n c t i o n  o f  temperature, v a r i a t i o n s  o f  the i n l e t  a i r  temperature have a 

n o t i c e a b l e  e f fec t  on NOX emissions. 

UPOll HC and co miss ions(81 ,82) .  

a f fected by h u m i d i t y  v a r i a t i o n s  because t h e  water absorbs some of t h e  heat 

generated d u r i n g  combustion, thereby reduc ing  t h e  peak combustion 

temperature.  A l though t h e  q u a l i t a t i v e  e f f e c t s  o f  v a r y i n g  ambient c o n d i t i o n s  

of m i s s i o n s  are known, a r e l i a b l e  q u a n t i t a t i v e  r e l a t i o n s h i p  e x i s t s  o n l y  f o r  

t h e  e f f e c t s  of h u m i d i t y  on p r o d u c t i o n  f r a n  v e h i c u l a r  gaso l ine  and d i e s e l  

englnes (83,84). Since these r e l a t i o n s h i p s  are based on experiments, and 

cannot be p r e d i c t e d  a n a l y t i c a l l y ,  t h e y  are a p p l i c a b l e  o n l y  t o  s t a t i o n a r y  

engines which are s i m i l a r  t o  v e h i c u l a r  models. 

n o t  y e t  been developed f o r  high-power, low- and medium-speed engines. 

t h e  combustion c h a r a c t e r i s t i c s  o f  these l a r g e  engines are d i f f e r e n t  than 

those o f  t h e  v e h i c u l a r  s i z e  u n i t s ,  t h e r e  i s  no a p r i o r i  j u s t i f i c a t i o n  f o r  

a p p l y i n g  t h e  above-mentioned r e l a t i o n s h i p  t o  the l a r g e r  engines, 

(The 

Secondar i ly ,  

S ince NOx Produc t ion  i s  a s t r o n g  

I n  general,  h u m i d i t y  has l i t t l e  e f f e c t  

NOx emissions, however, are s i g n i f i c a n t l y  

S i m i l a r  r e l a t i o n s h i p s  have 

Since 

3.2.2.3.4 Fue l  E f f e c t s  

S i g n i f i c a n t  v a r i a t i o n s  i n  the  emissions o f  r e a c t i v e  HC may be due t o  

t h e  f u e l s  used. 

engines o r i g i n a t e  f rom the f u e l  system through evaporat ion,  f rom the exhaust 

due t o  combustion, and f r a n  crankcase blowby. 

Ss p r o p o r t i o n a l  t o  f u e l  v o l a t i l i t y ( 8 5 ) .  

c o n t r o l  evapora t ive  emissions and crankcase blowby on automobi les.  Studies 

As mentioned p r e v i o u s l y ,  HC emissions f r o m  SI g a s o l i n e  

I n  general,  f u e l  evapora t ion  

E f f e c t i v e  systems are now used t o  
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have shown t h a t  exhaust HC emissions from unleaded fuels  have a higher 

photochemical react ivi ty  t h a n  do those from base leaded fuels ,  assuming no 

ca ta ly t ic  converters are used(86). 

Diesel fuels  used i n  CI engines may display some va r i a t ion  i n  density 

and viscosity which, in turn, affects the A/F r a t io  and fuel spray pattern in 

the cylinder. If only a single fuel i s  used, the engine i s  "tuned" f o r  i t ,  

bu t  i s  i s  unlikely that engines would be tlretunedll for  each fuel if fuel 

types were f req uen t 1 y c h an ged . 
Particulate and smoke generation tends t o  increase w i t h  increasing 

Cetane number. The re1 ationship between smoke and fuel v o l a t i l i t y  is  unclear 

because i t  i s  d i f f i cu l t  t o  separate the effects  due t o  vo la t i l i t y  changes 

from those due t o  Cetane number(87). 

3.2.3 State and Local Regulations 

Most s ta tes  and loca l i t i es  r e s t r i c t  visible emissions from stationary 

sources, including reciprocating internal combustion engines, t o  less t h a n  

20-percent opacity and many are now requiring t h a t  plumes from new ins ta l la -  

t ions have less  t h a n  10-percent capacity(88). 

present a problem to  the owner who operates and maintains his engine 

correctly.  However, since many NOx control systems tend t o  increase smoke, 

These l imits usually do not  

engines may not be able t o  meet these opacity l imits if very stringent NOx 

standards are proposed. 

The only known res t r ic t ions on gaseous emissions from reciprocating II_- --I_ IC 

engines ( i . e . ,  excluding gas turbines, which have been specif ical ly  regulated 

by sane loca l i t i e s )  are i n  the Los Angeles area. Several control d i s t r i c t s  

i n  t h i s  basin h i t  NOx emissions (expressed as NO?) t o  140 l b / h r  (63.5 

kg/hr)(89-91), Typical uncontrolled engines emit 10 t o  20 g /hp-hr  (see 

3 -40 



Chapter 5). 

an uncontrolled engine t h a t  i s  larger t h a n  about  4250 hp (3200 kW). 

also shown in Chapter 5, missions from a few large-bore engines can be 

brought down t o  levels as  low as 8 g/hp-hr  by control techniques t h a t  can be 

applied i n  the near term. 

kW) and s t i l l  be allowed t o  operate in t h e  Los Angeles basin.  

A t  15 g/hP-hr these NO, limits would prevent a user from buying 

As i s  

Such engines could be as large as 7950 h p  (6000 
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CHAPTER 4 

EM1 SS ION CONTROL TECHNIQUES 

S t a t i o n a r y  r e c i p r o c a t i n g  I C  engines emi t  p r i m a r i l y  NO,, co, HC, and 

p a r t i c u l a t e s  (see Sec t ion  3.2.2) .  A l l  o f  t hese  emissions are c r i t e r i a  

p o l  l u t a n t s ;  t h a t  i s ,  N a t i o n a l  Ambient A i r  Q u a l i t y  Standards ( o r  maximum 

a l l o w a b l e  ambient c o n c e n t r a t i o n s )  have been e s t a b l i s h e d  f o r  these p o l l u t a n t s  

under Sec t i ons  108 and 109 o f  t he  Clean A i r  Ac t .  As i n d i c a t e d  i n  S e c t i o n  

9.1, lEPA has p laced a h i g h  p r i o r i t y  on t h e  c o n t r o l  o f  NOx emissions from 

s t a t i o n a r y  sources s ince these  emissions a re  p r o j e c t e d  t o  i nc rease  about 25  

percent  b y  1985 d e s p i t e  t h e  a p p l i c a t i o n  o f  bes t  a v a i l a b l e  c o n t r o l  technology 

t o  new sources. 

s t a t i o n a r y  I C  engines, accoun t ing  f o r  more than  16 pe rcen t  of t h e  t o t a l  NOx 

e m i t t e d  from s t a t i o n a r y  sources. I n  a d d i t i o n ,  as w i l l  be shown i n  S e c t i o n  

9 .1¶  approx ima te l y  75  pe rcen t  of t h e  NOx emissions from i n s t a l l e d  s t a t i o n a r y  

r e c i p r o c a t i n g  IC engines (1974) was c o n t r i b u t e d  by u n i t s  l a r g e r  than 500 hp. 

This  chapter ,  t he re fo re ,  emphasizes t h e  c o n t r o l  o f  NOx, and c o n t r o l  

techn.iques are discussed which have been appl ied,  o r  can p o t e n t i a l l y  be 

appl ied,  t o  l a rge ,  s t a t i o n a r y  IC engines. 

Moreover, NO, i s  the most s i g n i f i c a n t  p o l l u t a n t  e m i t t e d  from 

T h i s  chapter  i s  d i v i d e d  i n t o  s i x  sec t i ons .  The f o r m a t i o n  o f  t he  

p o l l u t a n t s  e m i t t e d  by  IC engines i s  b r i e f l y  d iscussed i n  Sec t i on  4.1 t o  a i d  

i n  understanding emissions c o n t r o l .  S e c t i o n  4.2 d iscusses the  e f f e c t  o f  

ambient c o n d i t i o n s  (humid i t y ,  temperature,  and p ressu re ) ,  and measurement 
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p r a c t i c e s  upon r e p o r t e d  ,emission l e v e l s .  S p e c i f i c a l l y ,  S e c t i o n  4.2.1 

descr ibes how ambient c o r r e c t i o n  f a c t o r s  w i l l  be used t o  a d j u s t  r e p o r t e d  NOx 

d a t a  t o  s tandard c o n d i t i o n s ,  and S e c t i o n  4.2.2 d iscusses and compares t h e  

measurement p r a c t i c e s  o f  t h e  manufacturers  who r e p o r t e d  emiss ion data.  

u n c e r t a i n t y  o f  each s t a t i o n a r y  I C  engine m a n u f a c t u r e r ' s  measurement p r a c t i c e  

i s  es t ima ted  r e l a t i v e  t o  EPA's proposed approach f o r  1979 and l a t e r  model 

The 

- 

heavy-duty d i e s e l  and g a s o l i n e  engines. These 

p lace  boundar i  es on est imates o f  average emi ss  

f u e l  type, b u t  d i f f e r e n t  manufacturer .  

S e c t i o n  4.3 presents  u n c o n t r o l l e d  (base 

u n c e r t a i n t i e s  w i  11 be used t o  

ons from engines o f  t h e  same , I  

- 
i n e )  emiss ion l e v e l s  f o r  l a r g e  

I n  a d d i t i o n  t o  these data, sa les-weighted averages o f  s t a t i o n a r y  I C  engines. 

u n c o n t r o l l e d  NOx l e v e l s  (by horsepower, e x c l u d i n g  standby a p p l i c a t i o n s )  w i l l  

be presented. 

S e c t i o n  4.4 discusses s p e c i f i c  c o n t r o l  systems t o  reduce NOx 

emissions. The d i s c u s s i o n  considers how each c o n t r o l  system works: i t s  

e f f e c t i v e n e s s ,  r e s u l t i n g  f u e l  penal t i e s ,  e f f e c t s  on o t h e r  emissions (HC, CO, 

smoke), t e c h n i c a l  1 i m i t a t i o n s  t o  i t s  appl i c a t i o n ,  and c o s t  imp1 i c a t i o n s  

( f u e l ,  hardware, and maintenance).  The emission da ta  are c o r r e c t e d  t o  

s tandard ambient c o n d i t i o n s  whcrc p o s s i b l e  (see S e c t i o n  4.2.1).  

F i n a l l y ,  c o n t r o l  systems f o r  HC and CO emissions a re  d iscussed i n  

S e c t i o n  4.5,  and techniques t o  reduce v i s i b l e  emissions a r e  rev iewed i n  

Sec t i on  4.6. As s t a t e d  i n  Sec t i on  4.5, t h e r e  has been l i t t l e  e f f o r t  b y  

manufacturers o f  l a rge -bo re  engines t o  reduce emiss ion  r a t e s  o f  HC and CO 

from t h e i r  engines, p r i m a r i l y  because t h e r e  are c u r r e n t l y  no r e g u l a t i o n s  

a f f e c t i n g  these emissions and they  a r e  a l ready  q u i t e  low. Moreover, t h e  

a p p l i c a t i o n  o f  NOx c o n t r o l  systems has, i n  general ,  o n l y  a smal l  e f f e c t  on HC 

and CO l e v e l s  (see S e c t i o n  4.4.12). Furthermore, severa l  manufacturers have 
_ -  
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achieved reduc t ions  i n  HC and CO l e v e l s  as a consequence o f  t h e i r  e f f o r t s  t o  

reduce v i s i b l e  emissions and improve t h e  f u e l  economy o f  t h e i r  d iese l  

engines. These p rac t i ces  are discussed i n  bo th  Sect ions 4.5 and 4.6. 

4.1 POLLUTANT FORMATION 
The combustion o f  f u e l  and a i r  i n  t h e  c y l i n d e r  o f  a r e c i p r o c a t i n g  

engine r e s u l t s  i n  t h e  format ion o f  a number o f  chemical compounds which can 

"cause o r  c o n t r i b u t e  t o  the endangerment o f  p u b l i c  h e a l t h  o r  wel fare" when 

emi t ted  t o  the  atmosphere. The ones o f  most concern f a l l  i n t o  the  general 

ca t  egorfes of n i t rogen 0x1 des (NO,), carbon monoxi de ( C O ) ,  s u l f u r  oxides 

(sox) ,  var ious hydrocarbons and organic  compounds (HC), and p a r t i c u l a t e s .  

Addi tp i  onal ly, smoke and odorous fumes m a y  be produced, c h i e f l y  i n compression 

i g n i t i o n  engines. The f o l l o w i n g  paragraphs discuss t h e  fo rmat ion  of these 

p o l l u t a n t s  i n  s t a t i o n a r y  r e c i p r o c a t i n g  IC engines. 

4.1.1 N i t rogen  Oxides (NOx) - 
W i r t u a l b  a l l  NO, emissions o r i g i n a t e  as n i t r i c  ox ide (NO) r e s u l t i n g  

frm o x i d a t i o n  o f  n i t rogen  du r ing  the  combustion process. Both N2 and 02 

d i s s o c i a t e  i n t o  atomic N and 0, respec t ive ly ,  a t  the pressures and 

temperatures encountered i n  the  c y l i n d e r .  These atoms combine t o  fo rm NO, 

p a r t  of which i s  then f u r t h e r  ox id i zed  i n  the engine and exhaust system t o  

form N02. 

presence o f  add i t i ona l  oxygen, i t  a lso  reac ts  r a p i d l y  t o  form the more s t a b l e  

N02. The NO2 molecules, however, can be d issoc ia ted  by u l t r a v i o l e t  l i g h t  

from the sun. Add i t i ona l  reac t ions  i n v o l v i n g  the  u l t r a v i o l e t  l i g h t  f r a n  the 

The remaining NO i s  exhausted i n t o  the  a'tmosphere, where, i n  t h e  

sun, n i t rogen and hydrocarbon e f f luen ts ,  and atmospheric oxygen produce 

polynuclear  aromatics and o ther  components o f  photochemical smog. 
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Most o f  the n i t rogen enters the engine as molecular N2 i n  t h e  a i r ,  

s ince na tu ra l  gas and the  premium d i s t i l l a t e  f u e l s  genera l l y  used i n  

r e c i p r o c a t i n g  engines conta in  1 i t t l e  fuel-bound n i t rogen.  

t h a t  cane f rom N2 i n  the  a i r  are c a l l e d  thermal NOx. However, the  heavier 

o i l s ,  such as res idua ls  and crudes, con ta in  s i g n i f i c a n t  q u a n t i t i e s  o f  

n i t rogen (e.g., up t o  1 percent) .  When these f u e l s  are used, as i s  

occas iona l l y  done i n  la rge  d iese l  engines, no t iceab le  amounts o f  " f u e l " ,  o r  

"Organic", The degree o f  o x i d a t i o n  o f  t h e  n i t rogen  i n  t h e  

f u e l  appears t o  be p r i m a r i l y  a f u n c t i o n  of i t s  n i t rogen content.  F o r  gas 

tu rb ines ,  several  researchers have found t h a t  t h e  f r a c t i o n  o f  fuel-bound 

n i t rogen  converted t o  NO decreases wi th i ncreasi  ng n i t rogen  content,  a1 though 

t h e  absolute magnitude o f  t h e  NO formed increases (1,z) .  

n i t rogen f u e l  (0.01 percent)  may have 100 percent o f  the fuelbound n i t rogen  

converted t o  NOx, whereas a h igh  n i t rogen  f u e l  (1.0 percent )  may have o n l y  40 

Percent of i t  reacted t o  NOx. Consequently, when res idua l  o i l  i s  burned i n  

tu rb ines ,  more NO i s  produced f r o m  fuel-bound n i t rogen  than f r o m  N2 Present 

i n  the a i r ( 3 ) .  

Oxides o f  n i t rogen  

are generated. 

For example, a low 

S i m i l a r  data are not a v a i l a b l e  f o r  r e c i p r o c a t i n g  engines. However, 

the r e l a t i v e  magnitudes of  thermal and f u e l  NOx a re  q u i t e  d i f f e ren t  f o r  

r e c i p r o c a t i n g  engines than f o r  t u rb ines  because t h e  engines generate about 10 

t imes more thermal NOx than do the tu rb ines .  Thus, i f  the f u e l  f o r  an engine 

contained 1-percent n i t rogen,  and a l l  o f  t h i s  were converted t o  oxides of 

n i t rogen,  the exhaust would con ta in  about 5 g/hp-hr N02. 

uncont ro l led  large-bore d iese l  engines emit  7 .5  t o  18.7 g/hp-hr when us ing  

d i s t i l l a t e  (No. 

By comparison, 

2) con ta in ing  about 0.03-percent n i t rogen(4) .  

A l l  data presented i n  t h i s  document on emissions from diese l  and dual  

fue l  engines are based on opera t ion  w i th  No. 2 d i s t i l l a t e  (d iese l  o i l ) .  The 
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p o s s i b l e  e f fec ts  o f  any o f  the c o n t r o l s  t o  be discussed i n  t h i s  chapter on 

the  fuel-bound n i t rogen are no t  known, Natura l l y ,  d e n i t r i f i c a t i o n  of t h e  

f u e l  p r i o r  t o  i t s  use w i l l  reduce the p o t e n t i a l  NOx emissions, and t h i s  

' lcsntrol ' l  i s  discussed b r i e f l y  i n  con junc t ion  w i t h  f u e l  d e s u l f u r i z a t i o n  (see 

Sect ion  4.4.13). 

The r a t e  of fo rmat ion  o f  thermal NO i s  a f u n c t i o n  o f  t h e  res idence 

-. t i m e  o f  the atomic n i t rogen  w i t h  atomic oxygen a t  e levated temperatures. 

min imiza t ion  o f  any o r  a l l  of these th ree  under l ined va r iab les  forms t h e  

bas is  for almost a1 1 SUCCeSSfUl l y  demonstrated NOx c o n t r o l  methods, 

exhaust t reatment o f  t h e  NO v i a  c a t a l y t i c  converters has been proposed and 

t e s t e d  f o r  gasol ine- fue led  automobiles, research i n t o  i t s  appl i cab i  1 i t y  t o  

d iese l  and l a r g e  n a t u r a l  gas engines i s  j u s t  reaching t h e  exper imental  

s t a g e h 6 ) .  

The 

~ l t h o u g h  

Th is  subject  i s  t r e a t e d  i n  more depth l a t e r  (Sect ion 4.4.9). 

4.1.2 Hydrocarbons (HC) 

The p o l l u t a n t s  commonly c l a s s i f i e d  as hydrocarbons are composed o f  a 

wide v a r i e t y  o f  organic compounds. They are discharged i n t o  the  atmosphere 

when sane of the f u e l  remains unburned o r  i s  on ly  p a r t i a l l y  burned dur ing  the  

cmb 'us t ion  process. 

Most unburned hydrocarbon emissions r e s u l t  from f u e l  d rop le ts  t h a t  

were  t ranspor ted  o r  i n j e c t e d  i n t o  t h e  "quench l a y e r "  du r ing  combustion. This 

i s  the reg ion  imned ia te ly  adjacent t o  the combustion chamber surfaces, 

where heat t rans fer  outward through the  c y l i n d e r  w a l l s  causes t h e  m ix tu re  

temperatures t o  be too  low t o  support combustion. 

P a r t i a l l y  burned hydrocarbons, on t h e  other hand, can occur f o r  a 

number o f  reasons (7,8) : 
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0 Poor a i r - f u e l  homogeneity due t o  incomplete m i x i n g  p r i o r  to ,  o r  

dur ing ,  combustion ( i , e . ,  l o c a l  zones t h a t  a re  t o o  r i c h  o r  t o 0  

lean) .  The most common cause of t h i s  i s  improper maintenance o r  

des ign o f  t h e  f u e l  h a n d l i n g  system. 

0 I n c o r r e c t  a i r - f u e l  r a t i o s  i n  t h e  c y l i n d e r  d u r i n g  combustion ( i . e . ,  

t h e  e n t i r e  c y l i n d e r  i s  t o o  r i c h  o r  t o o  l e a n )  due t o  maladjustment 

o f  the engine f u e l  system. 

0 Excess ive ly  l a r g e  f u e l  d r o p l e t s  ( d i e s e l  engines) .  T h i s  i s  

g e n e r a l l y  t h e  r e s u l t  o f  worn, clogged, o r  p o o r l y  designed 

i n j e c t o r s  and/or low i n j e c t i o n  pressures.  

Low c y l i n d e r  temperature due t o  excessive c o o l i n g  through t h e  

w a l l s  or e a r l y  c o o l i n g  o f  t h e  gases b y  expansion o f  t h e  combustion 

volume caused by p i  s ton  mot i on b e f o r e  combus ti on i s completed. 

Th is  c o n d i t i o n  comnonly occurs i n  engines t h a t  have f a u l t y  

temperature c o n t r o l  systems or  have e x c e s s i v e l y  de layed i g n i t i o n .  

A l l  o f  these c o n d i t i o n s  can be caused b y  e i t h e r  poor  maintenance o r  

o 

f a u l t y  design. Therefore,  the  lowest  emissions w i l l  be achieved o n l y  by 

proper  maintenance o f  engines designed s p e c i f i c a l l y  f o r  low emissions. 

4.1.3 Odor - 
Odor i n  t h e  exhaust i s  p r i m a r i l y  a problem wi th  d i e s e l  engines. 

Al though the  smel l  i s  b e l i e v e d  t o  be from sane o f  the  hydrocarbons i n  t h e  

exhaust, a p r e c i s e  r e l a t i o n  has n o t  y e t  been e s t a b l i s h e d  between exhaust and 

odor(9,10,11). 

may be one cause of odor i n  d i e s e l  (and g a s o l i n e )  exhaust.  

hydrocarbons and o t h e r  unburned elements of fue l ,  as w e l l  as s u l . f u r  species,  

may a l s o  be a source o f  odor (12) .  

Considerable research  has l e d  t o  the b e l i e f  t h a t  aldehydes 

Aromat ic  
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Subjec t ive  e v a l u a t i o n  of automobi le d i e s e l  odors has shown t h a t  i n -  

s t a l l i n g  sac i n j e c t o r s  (see Sect ion  4 . 5 )  and c a t a l y t i c  m u f f l e r s  f o r  

hydrocarbon c o n t r o l  a l s o  reduces odor l e v e l s ( l 3 ) .  

Standards f o r  odor are no t  be ing  developed a t  t h i s  t ime 'because odor  

l e v e l s  are low i n  the  v i c i n i t y  o f  la rge-bore  engines ( i n  p a r t  d u e ' t o  t h e i r  

r e 1  a t i v e l y  t a l l  s tacks) ,  no c o n t r o l  technology has been demonstrated 

s p e c i f i c a l l y  f o r  odors, and no r e a d i l y  implemented method e x i s t s  f o r  

measur ing odor l e v e l  S. 

4.1.4 Carbon Monoxide ( C O )  

Carbon monoxide i s  an i n t e r m e d i a t e  combustion produc t  t h a t  appears i n  

the exhaust when the  r e a c t i o n  o f  CO t o  C02 cannot proceed t o  c o m p l e t i o n ( l 4 ) .  

T h i s  s i t u a t i o n  occurs if t h e r e  i s  a l a c k  o f  a v a i l a b l e  oxygen, i f  t h e  gas 

temperature i s  t o o  low, o r  i f  the  res idence t i m e  i n  t h e  c y l i n d e r  i s  t o o  

s h o r t ( l 5 ) .  The o x i d a t i o n  r a t e  o f  CO i s  l i m i t e d  by r e a c t i o n  k i n e t i c s  and, as 

a consequence, can be acce le ra ted  o n l y  t o  a c e r t a i n  e x t e n t  by improvements i n  

a i r - f u e l  m i x i n g  d u r i n g  t h e  combustion p r o c e s s ( l 6 ) .  

4.1,,5 Smoke and P a r t i c u l a t e  M a t t e r  

White, blue, and b lack  smoke may be e m i t t e d  f r o m  I C  engines. L i q u i d  

p a r t i c u l a t e s  appear as w h i t e  smoke i n  t h e  exhaust d u r i n g  an engine c o l d  

s t a r t ,  i d l i n g ,  o r  low l o a d  o p e r a t i o n .  These a r e  formed i n  t h e  quench l a y e r  

adjacent t o  t h e  c y l i n d e r  w a l l s ,  where t h e  temperatures are  n o t  h igh  enough t o  

i g n i t e  t h e  f u e l .  They c o n s i s t  p r i m a r i l y  of raw f u e l  w i th  sane p a r t i a l l y  

burned hydrocarbons and l u b r i c a t i n g  oil(17). 

g e n e r a l l y  assoc iated w i t h  o l d e r  g a s o l i n e  engines and are  r a r e l y  seen i n  t h e  

exhaust from d i e s e l  o r  gas- fue led u n i t s .  They cease when t h e  engine reaches 

White smoke emissions are  
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i t s  normal o p e r a t i n g  temperature and can be m in im ized  d u r i n g  low demand 

s i t u a t i o n s  by p roper  i d l e  adjustment.  

Blue smoke i s  e m i t t e d  when 1 u b r i c a t i n g . o i l  leaks,  o f t e n  p a s t  worn 

p i s t o n  r i n g s ,  i n t o  t h e  canbust ion chamber and i s  p a r t i a l l y  b u r n e d ( l 8 ) .  

Proper maintenance i s  the most e f f e c t  

fran a l l  types o f  IC engines. 

The exact  format  i on mechan i sms 

ve method o f  p r e v e n t i n g  t h e s e  emiss 

o f  b l a c k  smoke a re  s t i l l  no t  f u l l y  

understood, a l t hough  a number o f  models and t h e o r i e s  have been o f f e r e d  t o  

e x p l a i n  i t s  f o r m a t i o n  i n  d i e s e l  engines( l9 ,20) .  I t  i s  g e n e r a l l y  agreed, 

ons 

however, t h a t  t h e  p r i m a r y  c o n s t i t u e n t  o f  b lack  smoke i s  agglcmerated carbon 

p a r t i c l e s  ( s o o t ) .  

ccmbusting m i x t u r e  t h a t  a re  oxygen def  i c i e n t ( 2 1 ) .  

decompose i n t o  ace ty lene  and hydrogen i n  t h e  h igh  temperature r e g i o n s  o f  the 

c y l i n d e r .  Then, when t h e  l o c a l  gas temperature drops as t h e  p i s t o n  moves 

down and t h e  gases expand, the  ace ty lene  condenses and re leases  i t s  hydrogen 

atans. As a r e s u l t ,  pure carbon p a r t i c l e s  are c rea ted .  T h i s  mechanism o f  

f o rma t ion  i s  assoc ia ted  w i t h  t h e  l o w  a i r - t o - f u e l  r a t i o  c o n d i t i o n s  t h a t  

comnonly e x i s t  a t  t h e  core o f  t h e  i n j e c t e d  f u e l  spray,  i n  t h e  c e n t e r  o f  l a r g e  

i n d i v i d u a l  f u e l  d r o p l e t s ,  and i n  f u e l  l a y e r s  a long t h e  w a l l s ( 2 2 ) .  

f o r m a t i o n  of p a r t i c u l e s  frcm t h i s  source can be reduced by  des ign ing  t h e  f u e l  

i n j e c t o r  t o  p r o v i d e  f o r  an even d i s t r i b u t i o n  o f  f i n e  f u e l  d r o p l e t s  such t h a t  

t h e y  do n o t  impinge on t h e  c y l i n d e r  w a l l s .  

These for in  i n  a two-step process i n  r e g i o n s  o f  the 

F i r s t  t h e  hydrocarbons 

The 

Once fonned, the  carbon w i l l  combine w i t h  oxygen t o  for in CO and C02 if 

i t  i s  s t i l l  a t  an e leva ted  temperature.  S ince t h e  temperature o f  t h e  exhaust  

system i s  t o o  low f o r  t h i s  o x i d a t i o n  t o  occur,  soot t h a t  leaves the  

canbust ion chamber b e f o r e  i t  has had t h e  o p p o r t u n i t y  t o  o x i d i z e  comp le te l y  

w i  1 1 be d i  scharged as v i  s i  b l  e p a r t  i c l  es. 
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Becauase soot formation is very sensit ive t o  the need for  oxygen, i t s  

discharge is  greatest  when the engine i s  operating a t  rich fue l /a i r  r a t io s ,  

such EIS  a t  rated power and speed. 

are l ikely t o  have higher smoke levels than turbocharged engines, w h i c h  

operate a t  leaner fue l /a i r  ratios.  

Therefore, naturally aspirated engines 

4.1.6 Sulfur Dioxide (SO21 - 
Sulfur dioxide emissions are a function of only the sulfur content in 

the fGe1 rather than of any combustion variables. In f a c t ,  d u r i n g  t he  

combustion process essentially a l l  the sulfur i n  the fuel i s  oxidized t o  

so2.1/ Manufacturers of diesel engines currently recommended that  users b u r n  

only fuels  which contain less than 0.5 percent sulfur(23).2/  This Dractice 

i s  suggested t o  minimize corrosion, b u t  i t  also 

levels of less t h a n  2 g / h p - h r  from most interna 

Nevertherless, fuel sulfur content may range as 

t o  ASTM fuel specifications for  No. 2 or No. 2D 

d i s t i l l a t e s  are the fuels  most commonly burned 

diesel engines. The refining of crude o i l  intb 

resu l t s  in  SO? emission 

combus t i  on engi nes. 3/ - 
h i g h  as 1.0 percent according 

d i s t i l l a t e  o i l s (26) .  These 

n stationary,  large-bore 

the No. 1 a n d  No. 2 d i s t i l l a t e ,  

- ’/Presp?ably the r a t i o  of SO3 t o  SO2 i n  the exhaust of IC engines i s  a 
function of the combustion process, as i t  i s  i n  boilers. Data are n o t  
available t o  c la r i fy  t h i s  question, and i n  any case, the t o t a l  sulfur  
emitted i s  equal t o  the sulfur contained i n  the fuel .  

- ‘/This level, which corresponds t o  approximately 0.7 lbm/MBtu based on heat 
i n p u t ,  i s  nearly one-half the value specified in the standards o f  perfor- 
mance for new oi l - f i red steam generators (1.2 lbm/MBtu, assuming 40 per- 
cent efficiency)(24).  Existing steam plants average 3.0 t o  5.0 lbm/MBtu 
heat input (equivalent to  8.7 t o  14.4 g/hp-hr  o u t p u t ) ( 2 5 ) .  

0.4 ‘ lb/hp-hr  would e m i t  1.8 g/hp-hr  o f  S02, assuming a l l  t h e  sulfur in t h e  
fuel is  converted t o  SO2. 

- 3/For example, an engine f i r i n g  0.5 percent sulfur No. 2 d i s t i l l a t e  at  a ra te  of 
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however, removes most o f  the s u l f u r  (which becomes concentrated i n  t h e  

r e s i d u a l  o i l ) ,  Thus, engine users g e n e r a l l y  have no d i f f i c u l t y  o b t a i n i n g  low 

s u l f u r  ( l e s s  than 0.5 p e r c e n t )  d i s t i l l a t e s .  

S i m i l a r i l y ,  n a t u r a l  gas t h a t  i s  t r a n s p o r t e d  by  p i p e l i n e  i s  v i r t u a l l y  -. 

f r e e  o f  s u l f u r .  That i s ,  t he  gas frm sane sources con ta ins  v e r y  l i t t l e  s u l f u r ,  

and s u p p l i e s  which do c o n t a i n  s u l f u r  ( u s u a l l y  i n  t h e  f o r m  o f  hydrogen s u l f i d e )  

must, by law, be d e s u l f u r i z e d  b e f o r e  t h e  gas can be t r a n s p o r t e d  i n  i n t e r s t a t e  

c m e r c e .  Th is  chemical d e s u l f u r i z a t i o n  technology i s  r o u t i n e l y  p r a c t i c e d .  

An " m e r g i n g "  i n d u s t r y  which makes " s y n t h e t i c  n a t u r a l  gas" f r a n  o i l  o r  coal  

a l so  d e s u l f u r i z e s  i t  p r i o r  t o  s a l e .  

However , sul  f u r  i s  general  l y  n o t  removed f r a n  sewage d i g e s t o r  gas t h a t  

i s  burned o n s i t e  b y  l a r g e - b o r e  IC engines. 

S e c t i o n  4.4.13, engines o p e r a t i n g  on unprocessed sewage gas mi  t no more than 

1 g/hp-hr o f  SOz, which i s  l e s s  than  t h e  SO2 emiss ion r a t e  from engines 

b u r n i n g  0.5 pe rcen t  s u l f u r  d i s t i l l a t e s .  A s  a r e s u l t ,  engines f u e l e d  w i t h  

d i s t i l l a t e s  and gases are a l r e a d y  r e l a t i v e l y  low i n  SOX e m ~ s s i o n s .  

Therefore,  the o n l y  P o t e n t i  a1 so2 p r o b l  em f r a n  r e c i p r o c a t i n g  engi  nes should 

Never the less,  as i s  d iscussed i n  

be those u n i t s  t h a t  a re  f u e l e d  w i t h  r e s i d u a l  o i l .  As d iscussed i n  Sect 

4.4.13, the most f e a s i b l e  c o n t r o l  technique f o r  SO2 r e d u c t i o n  i n  an eng 

t h e  use o f  low s u l f u r  f u e l s .  Consequently, d e s u l f u r i z a t i o n  costs  a re  

d iscussed i n  S e c t i o n  8. 

on 

ne i s  

4 . 2  FACTORS THAT AFFECT REPORTED NO, EMISSIONS LEVELS 

Ambient c o n d i t i o n s  and measurement p r a c t i c e s  have been shown t o  a f f e c t  

Recogn iz ing  measured ~0~ emissions s i g n i f i c a n t l y  (see Appendix C.2 and C . 3 ) .  

these e f fec ts ,  E P A ' s  O f f i c e  o f  M o b i l e  Source A i r  P o l l u t i o n  C o n t r o l  has 

r e q u i r e d  t h a t  s p e c i f i c  ambient c o r r e c t i o n  f a c t o r s  ( t o  a d j u s t  measured NOx 
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d a t a  t o  s tandard c o n d i t i o n s  o f  hmi d i  t y  and temperature)  and measurement 

procedures be adopted b y  manufactwers o f  d i e s e l  and g a s o l i n e  engines whose 

emissions are r e g u l a t e d  under T i t l e  11 o f  the  Clean A i r  Act .  For  t h e  same 

reasons, ambient c o r r e c t i o n  f a c t o r s  should be used when ana lyz ing  emissions 

d a t a  from s t a t i o n a r y  I C  engines. 

p o t e n t i a l  impacts on t h e  c e r t a i n t y  o f  t h e  data due t o  t h e  measurement 

procedures used. 

Likewise, c o n s i d e r a t i o n  should be g iven t o  

To t h i s  end, Sec t ion  4.2.1 b r i e f l y  rev iews t h e  e f f e c t  of ambient 

c o n d i t i o n s  on t h e  r e p o r t e d  NOx d a t a  and then recommends ambient c o r r e c t i o n  

f a c t o r s  a p p r o p r i a t e  f o r  s t a t i o n a r y  I C  engines. Sec t ion  4.2.2, i n  t u r n ,  

d iscusses and compares the f o u r  d i f f e r e n t  measurement p r a c t i c e s  used by t h e  

n i n e  manufacturers  o f  la rge-bore  s t a t i o n a r y  I C  engines. Est imates o f  

u n c e r t a i n t y  f o r  t h r e e  of the p r a c t i c e s  ( r e l a t i v e  t o  t h e  EPA procedure)  a r e  

g iven f o r  t h e  manufacturers who d i d  n o t  f o l l o w  t h e  €PA p r a c t i c e .  These 

est imates w i l l  be used t o  determine t h e  u n c e r t a i n t y  i n  average emiss ion 

l e v e l s  t h a t  were c m p u t e d  frcm data prov ided b y  t h e  manufacturers .  

4.2.1 E f f e c t  o f  Ambient Humidi ty,  Temperature, and Pressure 

EPA has adopted ambi en t  c o r r e c t i o n  f a c t o r s  f o r  r e g u l  a ted mobi 1 e 

sources, based on exper imental  studies(27,28). These f a c t o r s  are used t o  

c o r r e c t  observed NOx l e v e l s  t o  values a t  a s tandard temperature (850F) and 

h u m i d i t y  (75 g r a i n s  HzO/lb d r y  a i r )  f o r  heavy d u t y  (HD) d i e s e l  engines and t o  

c o r r e c t  t o  standard humid i ty ,  on ly ,  f o r  bo th  heavy and l i g h t  d u t y  g a s o l i n e  

vehic les(29,30).  HC and CO emissions from b o t h  C I  and SI engines are  a l s o  

s e n s i t i v e  t o  ambient humid i ty ,  temperature, and pressure.  One s t u d y  of d i e s e l  

engines e s t a b l i s h e d  t h a t  v a r i a t i o n s  i n  h u n i d i t y  d i d  n o t  a f f e c t  HC, CO, o r  

mokle l e v e l s (  31). Temperature v a r i a t i o n s ,  however, d i d  s u b s t a n t i  a l l y  a f f e c t  
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HC, CO, and smoke l e v e l s ,  b u t  no c o r r e c t i o n s  c o u l d  be genera l i zed .  

another s t u d y  of a u t a n o t i v e  spark i g n i t i o n  engines, ambient h u m i d i t y  

v a r i a t i o n s  were shown t o  a f f e c t  HC l e v e l s ,  and temperature and p ressu re  

changes t o  a f f e c t  HC and CO emiss ions(32) .  However, no f a c t o r s  could be 

g e n e r a l i z e d  f o r  t hese  e f f e c t s .  

I n  

- 

- 1  

Al though  t h e  n i n e  l a rge -bo re  engine manufacturers  p r o v i d e d  ambient 

c o n d i t i o n s  ( b a r o m e t r i c  p ressu re  and i n l e t  a i r  t m p e r a t u r e  and h m i d i t y )  f o r  

much of t h e i r  emission data, none o f  them r e p o r t e d  emission d a t a  f o r  a g i v e n  

engine operated under a sys temat i c  v a r i a t i o n  o f  ambient c o n d i t i o n s .  

t h i s  t ime i t  i s  n o t  p o s s i b l e  t o  d i r e c t l y  d e r i v e  ambient c o r r e c t i o n  f a c t o r s  

f o r  l a rge -bo re  engines. 

engines t o  changes i n  ambient c o n d i t i o n s  i s  a n t i c i p a t e d  t o  be s i m i l a r  t o  t h a t  

Thus, a t  
? -  

Never the less,  t he  response o f  these l a r g e - b o r e  

observed i n  t h e  s m a l l e r  bore d i e s e l  and g a s o l i n e  engines f o r  which ambient 

c o r r e c t i o n  f a c t o r s  have been developed. I n  f a c t ,  one l a r g e - b o r e  manu fac tu re r  

has adopted a h u m i d i t y  c o r r e c t i o n  f a c t o r  based on s m a l l e r  bo re  engines t o  

c o r r e c t  NOx emissions d a t a  frcm d i e s e l  and n a t u r a l  g a s - f i r e d  engines (33). 

Al though t h i s  manufacturer  has no t  conducted a s y s t e m a t i c  s t u d y  o f  t he  e f f e c t  

of ambient h u m i d i t y  on ~0~ emissions, he b e l i e v e s  t h e  c o r r e c t i o n  f a c t o r  d e r i v e d  

f r u n  d a t a  on smal l e r  bo re  engines i s  reasonable.  

reasonable c o r r e l a t i o n  ob ta ined  b y  u s i n g  these c o r r e c t i o n  f a c t o r s  fo r  a l i m i t e d  

number o f  t e s t s  w i t h  h i s  own engines. 

T h i s  b e l  i e f  is based on t h e  

T h i s  s e c t i o n  w i l l ,  t h e r e f o r e ,  i l l u s t r a t e  t h e  e f f e c t  o f  ambient 

v a r i a t i  oris on r e p o r t e d  NO, 1 eve1 s, b r  i e f  l y  r e v i  ew e x i  s t i  ng ambi en t  c o r r e c t i o n  

f a c t o r s ,  and r e c m e n d  t h o s e  s u i t a b l e  f o r  a p p l i c a t i o n  t o  l a r g e  bo re  engine 

data. 

m b i  ent  c o r r e c t i o n  f a c t o r s  w i  11 then  be used wherever p o s s i b l e  i n t h e  

( A  more d e t a i l e d  d i s c u s s i o n  can be found  i n  Appendix C.2.) These 
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r e m a i n i n g  s e c t i o n s  of t h i s  chapter  t o  c o r r e c t  t h e  da ta  r e p o r t e d  by t h e  engine 

rnarrufact u r e r s .  

4.2.1.1 Examples o f  Ambient E f f e c t s  on NOx Emissions from IC Engines 

As ment ioned above, s e v e r a l  s t u d i e s  have shown t h e  e f f e c t  o f  ambient 

humidity on N O x  emissions(34,35,36). F i g u r e  4-1(37) i s  taken from one o f  

t h e s e  s t u d i e s  and i l l u s t r a t e s  t h e  v a r i a t i o n  i n  s p e c i f i c  h u m i d i t y  each month 

duieing the year 1969 f o r  Dearborn, Michigan. F o r  t h i s  area, ambient h u n i d i t y  

v a r i e d  fran 20 t o  120 g r a i n s  ~ 2 0 / 1 b  d r y  a i r  ove r  t h e  y e a r .  

t h i s  v a r i a t i o n  on NOx emissions i s  shown i n  F i g u r e  4-2(38,39) u s i n g  t h e  

c o r r e c t i o n  f a c t o r s  t h a t  have been d e r i v e d  fran exper imen ta l  work f o r  g a s o l i n e  

and d i e s e l  engines. The NOx l e v e l s  a re  shown t o  d e v i a t e  as much as 25 

p e r c e n t  f rom l e v e l s  measured a t  s tandard c o n d i t i o n s .  Moreover, t h e  

c o r r e c t i o n s  f a c t o r s  used v a r y  s i g n i f i c a n t l y  as w e l l ,  depending on  t h e  

p a r t i c u l a r  s tudy  and t y p e  o f  emiss ion source. 

The e f f e c t  Of 

V a r i a t i o n s  i n  ambient temperature have a l s o  been shown t o  a f f e c t  NO, 

emiss ions.  Th is  e f f e c t  i s  i l l u s t r a t e d  i n  F i g u r e  4-3(40,41) and ranges from 

5 t o  25 pe rcen t  depending on t h e  p a r t i c u l a r  study. A l though t h e  e f f e c t  f o r  

d i e s e l  engines i s  no t  as l a r g e  as t h a t  produced b y  ambient h u m i d i t y  

v a r i a t i o n s ,  t he  change i n  brake s p e c i f i c  emissions (g/hp-hr)  can be 

s i g n i f i c a n t .  T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  sane la rge -bo re  spark i g n i t i o n  

engines, which e m i t  as much as 20 g/hp-hr.  Fo r  these  sources a 5-percent  

ambient c o r r e c t i o n  means a change i n  t h e  r e p o r t e d  l e v e l  o f  about 1 g/hp-hr. 

V a r i a t i o n s  i n  b a r o m e t r i c  p ressu re  a l s o  can be expected t o  a f f e c t  NO, 

eni ission(42,43).  O n l y  one s tudy,  however, has e v a l u a t e d  t h i s  ambient 

v ~ ~ r i a t i o n ( 4 4 ) .  T h i s  i n v e s t i g a t i o n  used ca rbu re ted  g a s o l i n e  engines and found  

N C ) ~  v a r i a t i o n s  o f  as much as 40 pe rcen t  due t o  changes i n  ambient pressure.  
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These changes were a t t r i b u t e d  l a r g e l y  t o  v a r i a t i o n s  i n  A/F r a t i o  i n  t h e  

ca rbu re ted  g a s o l i n e  engines, 

c o u l d  n o t  be d e r i v e d  f o r  t he  d i f f e r e n t  ca rbu re ted  engines because each 

eng ine ’s  emissions response t o  changes i n  b a r a n e t r i c  p ressu re  was t o o  

i n c o n s i s t a n t  t o  g e n e r a l i z e  a c o r r e c t i o n .  

However, a c o r r e c t i o n  f a c t o r  f o r  t h i s  e f f e c t  

D e s p i t e  t h e  l a c k  of a q u a n t i f i a b l e  c o r r e c t i o n  f o r  changes i n  ambient 

pressure,  seve ra l  s tud ies  have shown t h a t  s c a t t e r  i n  m i s s i o n s  da ta  taken  a t  

d l f f e r e n t  ambient h u m i d i t i e s  and temperatures can be reduced, s i g n i f i c a n t l y ,  

by a p p l y i n g  t h e  a p p r o p r i a t e  c o r r e c t i o n  f a c t o r s .  F o r  example, F i g u r e  4-4(45) 

i l l u s t r a t e s  t h e  r e d u c t i o n  i n  da ta  s c a t t e r  t h a t  i s  achieved w i t h  emissions 

from HD g a s o l i n e  engines by c o r r e c t i n g  f o r  h u n i d i t y  o n l y ,  The average 

s tandard d e v i a t i o n  fran t h e  s i x  engines was reduced b y  a f a c t o r  o f  about  s i x  

a f t e r  a p p l y i  ng a c o r r e c t i  on f o r  humi d i  ty, 

F i g u r e  4-5(46)  i l l u s t r a t e s  a s i m i l a r  r e s u l t  f o r  ambient t empera tu re  

and h u m i d i t y  c o r r e c t i o n  o f  d i e s e l  engines emissions. The average s c a t t e r  

a f t e r  c o r r e c t i o n  was reduced t o  about one t h i r d  o f  t h e  s c a t t e r  before 

c o r r e c t i o n .  Note, t h a t  i n  abso lu te  terms, the r e d u c t i o n  i n  s c a t t e r  f o r  

d i e s e l  engines was s m a l l e r  (approx.  0.5 g/hp-hr)  compared t o  t h e  r e d u c t  

f o r  g a s o l i n e  engines (approx.  1.5 g /hp -h r ) .  Bo th  s t u d i e s ,  neve r the less  

on 

i n d i c a t e  t h a t  s c a t t e r  i n  emissions data can be reduced s i g n i f i c a n t l y  b y  

c o r r e c t i n g  observed NOx l e v e l s  t o  s tandard condl” t i o n s .  

4.2 .1 .2  S e l e c t i o n  o f  E x i s t i n g  Ambient C o r r e c t i o n  F a c t o r s  f o r  A p p l i c a t i o n  t o  
Large-Bore IC Engines 

A l l  e x i s t i n g  ambient c o r r e c t i o n  f a c t o r s  were rev iewed t h a t  p o t e n t i a l l y  

c o u l d  be a p p l i e d  t o  a d j u s t  da ta  from l a r g e - b o r e  engines. A d e t a i l e d  

d e s c r i p t i o n  o f  t h i s  r e v i e w  i s  presented i n  Appendix C . 2 .  Candidate f a c t o r s  

a r e  presented below. T h i s  d i s c u s s i o n  i s  d i v i d e d  i n t o  two s e c t i o n s  depending 
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o n  whether t h e  c o r r e c t l o n  f a c t o r  can be a p p l i e d  t o  da ta  fran ( 1 )  spa rk  

i g n i t i o n  (SI) o r  ( 2 )  compression i g n i t i o n  (CI) engines. Fac to rs  t h a t  have 

been s e l e c t e d  t o  c o r r e c t  b o t h  u n c o n t r o l l e d  and c o n t r o l l e d  emiss ion da ta  fran 

t h e  n i n e  l a rge -bo re  engine man fac tu re rs  a re  sumnarized f o l l o w i n g  t h i s  

d i  scussi  on, 

F a c t o r s  A p p l i c a b l e  t o  SI Engines 

Three ambl en t  hum1 d i  t y  c o r r e c t i  on f a c t o r s  a re  p o t e n t i  a1 l y  appl i c a b l  e 

t o  l a r g e  bore, n a t u r a l  gas f u e l e d  engines, p a r t i c u l a r l y  f o u r - s t r o k e ,  

ca rbu re ted  vers ions.  These f a c t o r s  a re  sunmarized i n  Tab le  4-1(47,48,49) 

F i g u r e  4-6  i s  a canpar ison o f  t h e  t h r e e  f a c t o r s  over  a t y p i c a l  range o f  ambient 

h u m i d i t i e s .  Note t h a t  o n l y  one of the t h r e e  f a c t o r s  i s  a t  a cons tan t  l o a d  

f a c t o r  (Equa t ion  ( 2 b ) ) ;  t h e  o the rs  are based on composite t e s t  c y c l e s  f o r  

ve h i  cl es . 
As F i g u r e  4-6  i n d i c a t e s ,  t h e r e  i s  a cons ide rab le  d i f f e r e n c e  i n  

c o r r e c t i o n  f a c t o r  depending on t h e  s tudy.  A l l  o f  t he  s t u d i e s  show, 

neve r the less ,  t h a t  ambient h u m i d i t y  has a s i g n i f i c a n t  e f f e c t  on NOx l e v e l .  

The r e s u l t  f o r  Equa t ion  ( 3 ) ,  based on l i g h t - d u t y  a u t a n o t i v e  g a s o l i n e  veh ic le ,  

shows t h e  g r e a t e s t  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  ambient h u m i d i t y .  These 

v a r i e d  responses of NOx l e v e l  t o  changes i n  ambient h u n i d i  t y  a r e  n o t  

unexpected s ince  engines r e a c t  d i f f e r e n t l y  t o  changes i n  i n l e t  c o n d i t i o n s .  

T h e i r  response g e n e r a l l y  depends on t h e i r  A/F r a t i o ,  f u e l  m e t e r i n g  and 

d i s t r i b u t i o n  system, and i g n i t i o n  c h a r a c t e r i s t i c s .  S ince  l a r g e - b o r e  IC 

engines t y p i c a l l y  ope ra te  a t  a cons tan t  r a t e d  load, t h e  constant  l o a d  

c o r r e c t i o n  f a c t o r  (Equa t ion  ( 2 b ) )  has been s e l e c t e d  f o r  a p p l i c a t i o n  t o  t h e  

r e p o r t e d  data.  
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Previous i n v e s t i g a t o r s  have been unable t o  e s t a b l i s h  an a b i e n t  

temperature c o r r e c t i o n  f a c t o r  f o r  spa rk  i g n i t i o n  I C  engines because va r ious  

a u t t m o t i v e  engines respond q u i t e  d i f f e r e n t l y  t o  i n l e t  a i r  t m p e r a t u r e  

v a r i a t i o n s  (see Appendix C.2). A l i m i t e d  amount o f  d a t a  e x i s t s  f o r  l a r g e  I C  

engines t h a t  show t h e  v a r i a t i o n  i n  NOx emissions w i t h  ambient tenperature,  o r  

man- i fo ld  a i r  temperature f o r  turbocharged u n i t s ,  F i g u r e  4-7(50) i l l u s t r a t e s  

t h e  change i n  NOx l e v e l  w i t h  a change i n  m a n i f o l d  a i r  temperature f o r  a l a r g e -  

blore, f o u r  s t r o k e  per cyc le ,  turbocharged (4-TC) gas engine. T h i s  response 

i n d i c a t e s  approx ima te l y  a l - p e r c e n t  change i n  NOx l e v e l  pe r  OF change i n  

m a n i f o l d  a i r  temperature.  

e q u i v a l e n t  t o  t h e  same change i n  ambient temperature. )  

( A  change i n  m a n i f o l d  a i r  temperature i s  n e a r l y  

F i g u r e  4-8(51)  i n d i c a t e s  t h e  response of NOx emissions w i t h  changes i n  

emb.ient a i r  temperature f o r  large-bore,  blower-scavenged gas engines. These 

r e s u l t s  show approx ima te l y  a 2-percent change i n  NOx per OF change. 

B o t h , F i g u r e s  4-7 and 4-8 i n d i c a t e  t h a t  NOx emissions from 1arge-bot-e engines 

are v e r y  s e n s i t i v e  t o  ambient temperature v a r i a t i o n s .  There fo re  t h e  r e s u l t s  

of F i g u r e  4-7 w i l l  be a p p l i e d  t o  a l l  turbocharged gas engine data, and t h e  

r e s u l t s  o f  F i g u r e  4 -8  w i l l  be a p p l i e d  t o  a l l  nonturbocharged gas engine data.  

v F a c t o r s  A p p l i c a b l e  t o  I C  Engines 

A su rvey  o f  t h e  l i t e r a t u r e  e s t a b l i s h e d  two sources t h a t  have r e p o r t e d  

ambient c o r r e c t i o n  f a c t o r s  f o r  t r u c k - s i z e  d i e s e l  ertgines. 

Krause, e t .  a l . ,  a f a c t o r  was developed t h a t  i n c l u d e d  t h e  e f f e c t s  of 

temperature and humidi t y ( 5 2 ) .  The r e s u l t s  o f  t h i s  s tudy  were subsequent ly  

adopted b y  t h e  EPA f o r  m o b i l e  heavy d u t y  d i e s e l  engines. The o t h e r  s t u d y  was 

( m d u c t e d  by t h e  C o o r d i n a t i n g  Research Counc i l  (CRC) and o n l y  i n v e s t i g a t e d  

I n  t h e  s t u d y  by 
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t he  e f f e c t s  o f  anbient  h ~ n i d i t y ( ~ 3 ) .  

s t u d i e s  can be found  i n  Appendix C.2.) 

( A  more d e t a i l e d  d i s c u s s i o n  o f  b o t h  

F i g u r e  4-9(54s55) shows the m b i e n t  h u m i d i t y  c o r r e c t i o n  f a c t o r s  

developed f rm these two s t u d i e s .  The anbient  h u m i d i t y  f a c t o r s  f o r  SI 

engines are a l s o  shown i n  F i g u r e  4-9. In general ,  SI engines appear t o  be 

more s e n s i t i v e  t o  anbient  h u m i d i t y  v a r i a t i o n s  t h a n  CI engines. Note t h a t  t h e  

r e s u l t s  from the two CI engine s t u d i e s  a re  shorJn f o r  s p e c i f i c  CI engine types 

I 

(e.g., f o u r - s t r o k e  turbocharged, a f t e r c o o l e d  engines) .  I n  general,  t h e  d a t a  

show t h a t  NO, emissions from d i f f e r e n t  engine types,  p a r t i c u l a r l y  a t  l o w  

h u m i d i t y  l e v e l s ,  respond d i f f e r e n t l y  t o  changes i n  anbient  humid i t y .  

The Krause s t u d y  a l s o  i n v e s t i g a t e d  the e f f e c t  o f  m b i e n t  temperature 

on NO, emissions. F i g u r e  4-10(56) presents  t h e  c o r r e c t i o n  f a c t o r s  t h a t  were 

d e r i v e d  f o r  these sma l le r  bore engines. 

n a t u r a l l y  a s p i r a t e d  and blower-scavenged engines a re  more s e n s i t i v e  t o  i n l e t  

a i r  temperature changes than a re  the  emissions from a f t e r c o o l e d  u n i t s .  

I t  shows t h a t  NO, eirrissions f r a n  

Since t h e  Krause s t u d y  s y s t a n a t i c a l l y  examined t h e  e f f e c t  o f  b o t h  

temperature and h u m i d i t y  f o r  a number o f  CI engine types,  h i s  c o r r e c t i o n  

f h c t o r s  have been s e l e c t e d  for a p p l i c a t i o n  t o  sirnil a r  1 arge-bore engine 

types. 

4.2 .1 .3  Sumnary o f  Ambient C o r r e c t i o n  F a c t o r s  for A p p l i c a t i o n  t o  Large-Bore 
Engine Data 

Table 4-2(57*5* ,59)  s u m a r i t e s  t h e  m b i e n t  c o r r e c t i o n  f a c t o r s  t h a t  

have been s e l e c t e d  f o r  a p p l i c a t i o n  t o  the  da ta  r e p o r t e d  by t h e  n i n e  l a r g e -  

bore engine manufacturers .  Note t h a t ,  w i t h  t h e  e x c e p t i o n  o f  SI t e n p e r a t u r e  

Factors,  a l l  the c o r r e c t i o n s  a re  based on s t u d i e s  o f  smal ler  bo re  au tano t i ve  

engine types.  The c o r r e c t i o n s  for CI engines are g i v e n  f o r  s p e c i f i c  engine 
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t ypes ,  I n  a d d i t i o n  a l l  the f a c t o r s  are based on r a t e d  l o a d  cond i t ions ,  s ince 

l a r g e  bore engines t y p i c a l l y  operate at ,  o r  near, r a t e d  load. 

Al though ambient h u m i d i t y  and temperature v a r i a t i o n s  can s i g n i f i c a n t l y  

a f f e c t  t h e  NO, emissions t h a t  a re  measured fran a p a r t i c u l a r  engine, these 

v a r i a t i o n s ,  i n  general,  are n o t  r e s p o n s i b l e  f o r  t h e  l a r g e  v a r i a t i o n s  i n  

u n c o n t r o l l e d  emissions t h a t  were r e p o r t e d  f o r  s i m i l a r  engine types b y  

d i f f e r e n t  engine manufacturers .  The o t h e r  sources o f  da ta  v a r i a b i l i t y  

(1 a r g e l y  measurement p r a c t i c e s  and design d i f f e r e n c e s  among models) are 

d iscussed i n  Sect ions 4.2.2 and 4.3. 

4.2.2 E f f e c t  of Measurement P r a c t i c e s  

Previous s tud ies  have shown t h a t  sampl i a g  i n s t r u m e n t a t i o n  and 

procedures have a l a r g e  e f f e c t  on emiss ion l e v e l s .  For  example, a s e r i e s  o f  

s t u d i e s  conducted by t h e  C o o r d i n a t i n g  Research Counci l  (CRC) i n d i c a t e d  t h a t  

u n c e r t a i n t i e s  i n  t h e  measurement o f  NOx l e v e l s  can range as h i g h  as 40 

percent (60) .  

measurements r e p o r t e d  by d i f f e r e n t  l a b o r a t o r i e s  f o r  t h e  same emiss ion source, 

expressed as a percentage o f  the mean m i s s i o n  l e v e l .  CRC concluded t h a t  t h i s  

u n c e r t a i  n t y  could be a t t r i b u t e d  1 a r g e l y  t o  poor C a l i  b r a t i o n  and measurement 

procedures. The EPA, then i n  coopera t ion  w i t h  CRC, showed t h a t  these un- 

c e r t a i n t i e s  could be reduced t o  l e s s  than 5 percent  u s i n g  a s p e c i f i c  s e t  o f  

procedures(61). 

t o  c e r t i f y  mobi le,  heavy-duty d i e s e l  and gaso l ine  engines s t a r t i n g  w i t h  t h e  

1979 model year .  The f o l l o w i n g  paragraphs w i l l  b r i e f l y  d iscuss  t h e  

measurement p r a c t i c e s  o f  each o f  t h e  n i n e  la rge-bore  engine manufacturers  who 

r e p o r t e d  emissions data. ( A d d i t i o n a l  d e t a i l s  r e g a r d i n g  these p r a c t i c e s  can 

be found i n  Appendix C.3.) Then u n c e r t a i n t i e s  f o r  each manufac turer ' s  

T h i s  conc lus ion  was based on t h e  s tandard d e v i a t i o n  o f  

Since then, EPA has proposed t h a t  these procedures be used 
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practice will be estimated relat ive t o  the proposed EPA procedure. 

uncertainties will be used in Section 4.3 t o  establish upper and lower bounds 

for  estimated average emission levels frun large-bore IC engines. 

These 

Table 4-3(62,63964,65) indicates which of the four measurement 

practices was used by each of the manufacturers. Note t h a t  two manu- 

facturers ,  Alco and Ingersoll-Rand, used what is essent ia l ly  the EPA 

procedure. For the purpose of t h i s  discussion the EPA procedure will  serve 

as a reference for canparison w i t h  the other three procedures, since i t  i s  

k l i eved  t o  be the most accurate. 

Figure 4-11 i l lus t ra tes  each of  the four procedures schmatical ly ,  

arid Table 4-4 summarizes the sources of error for the DEW, SAE, and EMD 

practices. 

Appendix C.3.) 

adequately &fine instrument perf omance and sample transfer procedures. 

Unheated sample l ines,  inappropriate water removal devices, system leaks, and 

fa i lures  o f  the convertor i n  the chemiluminescent instrunent a l l  lead t o  

errors i n  the measurement of NO, i n  the sample gas. 

instruments (SAE/EMD practices),  can lead t o  overstated values of NO, 

ai issions due t o  jnterferences resulting from the presence of water vapor i n  

the detector cell o f  the  N D I R  ins t rment .  Considered together, these sources 

of: error can cause a large uncertainty in reported NO, levels. 

i l lus t ra tes  the overall uncertainty for  d a t a  reported by each o f  the  nine 

engi ne manufacturers . (Agsi n ,  a more det ai  1 ed d i  scussi on of these 

uncertainties can be f o u n d  i n  Appendix C.3.) 

the !jAE or EM3 procedure could experience uncertainties o f  - +20 percent. 

Manufacturers u s i n g  t h e  DEMA practice, i n  contrast, are more l ikely t o  

experience understated ( 5  t o  15 percent) NO, levels due t o  a loss of NO, 

( A  more detailed discussion of these procedures can be f o u n d  i n  

The primary shortcoming of these practices i s  the i r  f a i lu re  t o  

The us.e of NDIR 

Figure 4-12 

Note t h a t  manufacturers using 
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T A B L E  4-3. LARGE-BORE E N G I N E  MANUFACTURERS MEASUREMENT PRACTICES 

Measurement Practice 

Manufacturer E P A ~  D E M A ~  S A E ~  E M D ~  

A1 co 

Caterpi 11 ar 

Colt 

Cooper Energy 

DeLaval 

ElectroMot i ve ( G M C )  

Ingersoll-Rand 

Wauk esha 

White Superior 
(Div. Cooper) 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

a E P A ' ~  pro sed practice for 1979 Heavy Duty Diesel and Gasoline 

bDiesel Engi E Manufacturers Association (DEMA) Exhaust Em ssion 
Engines (653. 

Measurement Procedure fo r  Low and Medium Speed Engines(63 i . 
Society of Automotive Engineers (SAE) Recomended Practice J1 77a(63). C 

dElectroMotive Division o f  General Motors Corporation Practice (651, 
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during the transfer of the sample gas t o  the re la t ively interference-free 

chemiluminescent analyzer. These estimates of uncertainty will be used t o  

place upper and lower bounds on the average uncontrolled emission levels 

canputed i n  Section 4.3. 

4.3 UNCONTROLLED EMISSION LEVELS 

This section presents data on uncontrolled emissions from large-bore 

Average uncontroll ed NO, emi ssi ons from these engi nes, weighted 

By 

engi nes. 

according t o  sales,  were derived frun data supplied by manufacturers. 

applying a specified degree of NO, control t o  these average uncontrolled 

emission levels, potenti a1 control led (regulated) emission levels can be 

established. 

in Chapter 6, which sumnarizes demonstrated a1 ternative controls. 

The degrees of NO, control that can be applied are identified 

This approach t o  set t ing the standards requires an adequate sample of 

emission d a t a  for each manufacturer's engine. Section 4.3.1 discusses the 

current d a t a  base, and shows t h a t  emissions d a t a  have been reported for about 

80 percent o f  a l l  the large-bore engine models manufactured t o  burn diesel ,  

dual fuel ,  and natural gas. This large existing data base i s  representative 

of a l l  the engines t o  be affected by standards of perfomance. 

Section 4.3.2 presents the uncontrol led emi ssi ons d a t a  for  diesel , 
dual fue l ,  and natural gas engines, and examines the sources of variations in 

these data. Differences in the ambient conditions (temperature and humidity) 

and procedures for  measuring the emissions account for only small variations 

i n  the data. The largest  source of data variations i s  differences i n  engine 

design. 

d i  scussed i n  Section 4.3.3. 

These differences and the i r  effect  on NOx emission levels are 

' I  
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Because of these differences, a method i s  needed t o  characterize 

uncontrolled emissions from each of the three fuels f o r  which standards of 

performance wlll be proposed. 

NO, levels for each fuel a re  determined by weighting each manufacturer's data 

(corrected for  .ambients where possible). Weighting i s  based on the percen- 

tage of t o t a l  horsepower sold by each mnaufacturer d u r i n g  the past  5 years, 

and the weighted levels a re  bounded by estimates of  measurement uncertainty, 

In Section 4.3.4, representative uncontrolled 

based on each manufacturer's procedures. 

4.3.1 E x i s t i n g  Data Base 

The extent of the current emissions data base i s  i l lus t ra ted  i n  Table 

4-5, which shows the number of large-bore manufacturers who produce engine 

models w i t h i n  the diesel ,  dual fuel ,  and natural gas categories. The second 

row of the table  shows the number of models produced for  each engine type 

(e.g., 2-BS, 2-TC, 4-M, and 4-TC).  The lower two rows show the number o f  

models w i t h i n  each fuel and engine type category that  contain ( 1 )  uncontrolled 

and ( 2 )  controlled emissions data. Uncontrolled emissions data are available 

f ran every manufacturer of 1 arge-bore engi nes, a1 though a few manuf  acturers 

have not conducted t e s t s  t o  reduce NOx emissions fran the i r  engines. 

In general, as shown i n  the l a s t  colunn o f  Table 4-5, there are 

uncontrolled emissions d a t a  for  about 80 percent of the models produced for  

each fuel category. 

models l i s ted  i n  Table  4-5, since there are data f o r  several engines of the  

The current d a t a  base contains more d a t a  than for those 

same model for some manufacturers. T h i s  additional data i s  useful i n  

determining differences i n  emissions data from engines of the same, and 

different  manufacturers, as discussed in Section 4.3.3. 

data hase ex is t s  fo r  characterizing uncontrolled emissions from diesel 

fue l ,  and natural gas engines. 

Thus, a substantial 

dual 
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4.3.2 Uncontrolled Emission Levels 

Uncontrolled emissions of NO,, CO,  and HC (and normethane H C  where 

meashred) are shown on Figures 4-13 t o  4-15. On each f igure the data i s  

plotted separately for  each fuel (diesel ,  dual fuel,  and gas), and i s  

differentiated by engine type ( i .e . ,  2-BS, 2-TC, 4-M, and 4-TC). Since in  

general, the CO and nomethane HC levels from these engines are considerably 

lwer t h a n  t he  limits t h a t  apply t o  mobile vehicles and englnes,l/ this 

section i s  concerned primarily with NO, emissions, The effects  of NO, 

reduction techniques on CO, HC, and smoke emisslons are discussed in  Section 

4A.12 .  Figures 4-13 through 4-15 show t h a t  uncontrolled emlssion levels 

vary conslderably wlthin each category of fuel and englne type. In Figure 

4-13, fuel consumption, particularly for  dlesel and dual-fuel engines, 

rennalns re la t lvely constant despite wide variatlons in  NO, levels among a l l  

eng'ine types. Since both NO, emisslons and thermal efficlency increase as 

cy'llnder temperature increases, eff ic ient  engines ( low fuel consumptlon) 

would be expected t o  show high NOx emission rates. A s  shown in Figure 4-16, 

t h l s  I s  not the case among a l l  engines of one fue l .  NOx levels and four- and 

two-s troke diesel engines shown on Figure 4=16(a) ,  however, appear t o  

consumption decreases, b u t  other trends are n o t  apparent fur 
engine types. Although other design features (e.g. , manifold 

air-to-fuel r a t io ,  speed, torque, etc.)  are probably more 

Increase as fue  

other fuels and 

ai 1' temperature 

4/For exmpl e, the proposed Federal Government standards begi nnl  ng in  1979 - for heavy-duty gasoli ne and di esel engines are 1 5 g/hp-hr hydrocarbon 
( H C ) ,  25 g/hp-hr  carbon monoxide (CO), and 10 g/hp-hr  hydrocarbon plus ox- 
ides of nitrogen ( H C  + NO,). California regulations f o r  1977-1978 heavy 
duty vehicles (greater t h a n  6,000 lbs)  are 1.0 g/hp-hr HC, 25 g/hp-hr CO,  
and 7 . 5  g/hp-hr  NO,. 
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important i n  affecting uncontrolled NO, emissions and fuel consunption, 

changes i n  operating conditions intended t o  reduce NO, emissions, generally 

causing fuel consunption t o  increase, as discussed i n  Section 4.4. 
.. 

As noted i n  Figure 4-13(a), not a l l  the  NO, data can be corrected f o r  

(Ambient correction factors the effect  o f  a b i e n t  tempkrature and humidity. 

f o r  large-bore engines are sumnarized i n  Section 4.2.1.)  The effects  of 

mbient variations, differences i n  measurement practices, and inherent 

differences i n  engine design on the var iabi l i ty  of uncontrolled NO, emissions 

are  sunmarized i n  Table 4-6(66)1 The data samples include only those data 

from Figure 4-13(a) that  could be corrected for ambient variation. As this 

table indicates, the largest  source o f  variations i n  d a t a  i s  inherent 

differences in engine design. This conclusion i s  similar t o  that  o f  an 

investigation o f  sources of emission data var iabi l i ty  i n  gasoline 

vehicles(67). 

measurement and ambient effects were significant,  variations anong vehicles 

caused most of the variations i n  NO, emissions for a ser ies  o f  t e s t s  on similar 

vehicles, Sources o f  emissions v a r i a b i l i t y  due t o  engine design are discussed 

in  the following section. 

In th i s  study, researchers demonstrated t h a t  a l t h o u g h  

4.3.3 Effect o f  Engine Variabil i ty on NO, Emissions 

The emission d a t a  supplied by the manufacturers vary considerably. A s  

discussed above, small variation can be attr ibuted t o  uslng d i f fe ren t  

measurements techniques or n o t  correcting for  ambient conditions. However, 

most of  the differences i n  emisstons from uncontrolled engines result from: 

(1) variations i n  the production of a particular model, (2)  variations among 

different  models of  the same type ( i . e . ,  same strokes/cycle, a i r  charging and 

fue l ) ,  or ( 3 )  variat ions i n  the number of cylinders for  a given model. In  
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TABLE 4-6. SOURCES OF DATA VARIABILITY FOR UNCONTROLLED NOx EMISSIONS 
FROM LARGE-BORE ENGINES 

FUEL 

Diesel 

Dual 
Fuel 

Gas 

Meana ' S t d .  Dev. . Sources o f  Vayiahil i,tyh 
Ambient Measurement Engine 

I I I I 

"Mean values were computed from the corrected d a t a  shown in  

"Sources of va r i ab i l i t y  are related according t o  the law of error  
Figures 4-13(a], (b), and (c) .  

propagation (66) I i .e. , 
0 = JAIV t  AM^ t A E ~  

This approach assumes each uncertainty i s  independent o f  another, 
b u t  there ex is t s  a s t a t i s t i c a l  chance tha t  the uncertainties could 
occur a t  the same time. 
Ambient corrections are  based on factors presented i n  Section 4.2.1 
The estimate f o r  measurement uncertainty includes a h i g h  and low value 
based on information presented i n  Section 4 . 2 . 2  
Uncertainties due t o  engine design ( A E )  were computed f r om u, AA, and AM. 
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t h i s  sect ion,  the u n c o n t r o l l e d  da ta  base i s  evaluated f o r  these sources o f  

v a r i a b i l i t y ,  and fur thermore,  t h e  da ta  are examined f o r  t rends  r e l a t e d  t o  

d i f f e r e n c e s  i n  engine design, such as speed, torque (bmep), and m a n i f o l d  a 

t,emperature. A l l  o f  these analyses use data c o r r e c t e d  f o r  ambient v a r i a t i  

by the  methods descr ibed i n  S e c t i o n  4,2;1. 

4.3.3.1 Product ion  V a r i a t i o n s  

r 

ns 

- I t i s  d i f f i c u l t  t o  q u a n t i f y  v a r i a t i o n s  i n  emissions among p r o d u c t i o n  

u n i t s  o f  t h e  same model. Up t o  now, manufacturers have concentrated on 

o b t a i n i n g  emissions data f o r  d i f f e r e n t  engine models, Since no emiss ion 

r e g u l a t l o n s  ( w l t h  t h e  e x c e p t i o n  o f  smoke l i m i t s )  have been i n  e f f e c t  f o r  

s t a t i o n a r y  englnes, t h e r e  has been l i t t l e  impetus f o r  manufacturers o f  l a r g e -  

bore s t a t i o n a r y  engines t o  make exhaust measurements o f  engines l e a v i n g  t h e  

p r o d u c t i o n  l i n e .  

f o r  s t a t i o n a r y  a p p l i c a t i o n s  by any one manufacturer , )  However, C o l t  and 

GMC/EMD, as w e l l  as numerous manufacturers o f  smal ler  bore, heavy d u t y  

engines f o r  t r u c k s  have r e p o r t e d  v a r i a t i o n s  i n  emissions f r u n  produc t lon  

mode 1 s. 

( I n  general ,  fewer than 100 u n i t s  are produced each year 

One l a r g e  volume manufacturer  o f  medium-bore engines has shown t h a t  

t h e i r  l a b o r a t o r y  u n i t s  must emit a t  l e v e l s  a t  l e a s t  25 percent  lower than a 

performance standard, t o  i n s u r e  t h a t  t h e i r  p r o d u c t i o n  models w i l l  comply w i t h  

t h e  s tandard(68) ,  

emiss ion l e v e l s  i n  mass produced engines. For  75 percent  o f  t h i s  

manufacturer 's  c u r r e n t  engines meet ing t h e  Federal  automot ive emiss ion 

s tandard  of 1 6  g/hp-hr (NO, + HC), c u r r e n t  v a r i a t i o n  , i n  1.34 g/hp-hr (NO, + 

HC). Moreover, t h i s  manufacturer  b e l i e v e s  t h a t  t h e  magnitude of p r o d u c t i o n  

v a r i a t i o n  I s  independent o f  t h e  emiss ion l e v e l ,  and t h i s  b e l i e f  i s  shared by 

T h i s  marg in accounts f o r  p r o d u c t i o n  v a r i a b l e s  t h a t  e f f e c t  
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severa l  o ther  manufacturers o f  medi un-bore engines (69),  

engines, produced i n d i v i d u a l l y  t o  h i g h e r  to le rances ,  i t  i s  a n t i c i p a t e d  t h a t  

t h i s  v a r i a t i o n  shou ld  be smal le r .  

For  1 arge-bore 

C o l t  r e p o r t e d  less than  a 3-percent d i f f e r e n c e  between p r o d u c t i o n  

models i n  two NO, measurements o f  one i n  1972, the o t h e r  i n  1975, fran a 

two-stroke, blower-scavenged d i e s e l  engine(70).  

unexpected. They suggest t h a t  the v a r i a t i o n  would more l i k e l y  be o f  

approx imate ly  10 percent  f o r  p roduc t ion  u n i t s ,  bu t  t h e y  have no da ta  t o  

v e r i f y  t h i s  est imate.  C o l t  has measured NO, l e v e l s  o f  p r o d u c t i o n  spark 

i g n i t e d  engines (2-TC-G) w i t h i n  3 percent o f  each o ther  under s i m i l a r  ambient 

c o n d i t i o n s  (71). 

Such a m a l l  d i f f e r e n c e  was 

GMC/EMJ has r e p o r t e d  average NO, l e v e l s  and s tandard d e v i a t i o n s  f o r  

samples of t h e i r  2-TC and 2-6s d i e s e l  models(72).  

SiJmnarized i n  Table 4 -7(73) .  

l e v e l s  o f  p r o d u c t i o n  engines may have r e s u l t e d  frm ambient v a r i a t i o n s .  

These r e s u l t s  a re  

As t h i s  t a b l e  suggests, these v a r i a t i o n s  i n  NO, 

I n l e t  a i r  temperatures v a r i e d  over a wide range f o r  b o t h  t h e  turbocharged and 

blower-scavenged u n i t s ,  and h u m i d i t y  was not recorded. An attempt was made 

t o  determine whether these observed v a r i a t i o n s  i n  emissions could be due t o ’  

changing ambient c o n d i t i o n s .  F i r s t ,  a c o r r e c t i o n  was computed f o r  each 

extreme o f  t h e  r e p o r t e d  temperature range, u s i n g  t h e  methodology presented i n  

S e c t i o n  4.2.1. 

r e p o r t e d  data, t o  determine i f  temperature v a r i a t i o n s  alone c o u l d  account f o r  

t h e  s c a t t e r .  

These two maximun v a r i a t i o n s  were then compared t o  t h e  

Next, a c o r r e c t i o n  was computed f o r  bo th  t h e  r e p o r t e d  

temperature v a r i a t i o n s  and an assumed h u m i d i t y  v a r i a t i o n  r a n g i n g  from 35 t o  

115 g r a i n s  H20/lb d r y  a i r .  

prodluct ion v a r i a b i l i t y ;  t h e  r e s u l t s  a r e  l i s t e d  i n  Tab le  4-8. 

These c o r r e c t i o n s  were then compared w i th  t h e  
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Based on these corrections, temperature variations alone could account 

for a l l  of the var iabi l i ty  i n  emiss.ions fran blower-scavenged engines, b u t  

not  for  turbocharged engines. 

for  the calculations presented in Table 4-8, then differences in anbient. 

tmperatures and humidity could account for  a l l  the var iabi l i ty  reported ' for  

these engines. 

If humidity were t o  vary over the range used 

4.3.3.2 Model Variations 

Variations i n  levels may be attributed t o  differences i n  models for  a 

given manufacturer's engines. For example, NOx levels for  a manufacturer's 

4-TC-6 models may vary due t o  differences in bore, stroke, turbocharger, 

configuration ( inl ine cylinders vs. vee), compression ra t io ,  aftercooler, and 

other engine design parameters. In an effort  t o  identify the magnitude of 

model-to-model vari ations, average NOx levels  and^ standard devi ations were 

eva 

and 

en 9 

uated for different models of the same fuel type fran each manufacturer. 

Table 4-9 presents the resul ts  of this study. GMC/EW, White Alco, 

Colt are not included i n  t h i s  table since they each manufacture only one 

ne model ( w i t h  different numbers of cylinders) per a i r  charging method. 

Sane of these models are configured for different fuels,  for example, Colt 

markets the i r  38D8-1/8 opposed piston engine model as a gas, diesel, or dual 

fuel engine, either blower scavenged or turbocharged. GMC/EMD and White Alco 

manufacture one basic diesel-fueled, turbocharged design which differs  

primarily i n  number of cylinders and speed ratings. 

b7 ower-scavenged units. 

I 

GMC/EMD also markets 

The other five manufacturers l i s t ed  i n  Table 4-9 produce different  

engine models w i t h i n  a g iven  engine type. NOx levels reported by Cooper for 

four 2-TC models varied by an average of 13 percent, These engines differed 

4-58 

x 



F 
b 

u u  u 
Sb N m N  m 

P 
~m 
n m  a J >  

$ z i  

m c 
VI a * 
I a z 

L L  o o c  e r c o  .- 

L .e 
I 

c 
\ en 

n 

C 

c 
0 
c, a 
> a 
Q 

'F 

*C 

*P 

E a 
Q 
E a, 
c, 
v) 

I 
n w. 

c, B 

0 VI 

'C en 
C a 

rc 
0 
VI 
a 
Q 

P 

8 
rc 
0 
L aJ n 

I. 
9 
L 

4b 

4 -59 



i n  bore, speed, number o f  cy l inders ,  and torque (bmep), but  were a l l  operated 
* 

a t  the same i n l e t  and man i fo ld  a i r  temperatures. De lava l ' s  data i nd i ca ted  - 

o n l y  a 4- t o  5-percent v a r i a t i o n  between models f o r  both gas- and d iese l - fue led  

engines, The percent va r ia t i ons  shown f o r  Waukesha, Ingersoll-Rand, and White " I  
I 

Superi or, whi ch were uncorrected f o r  ambient condi t ions,  should not  be compared 

t o  the Cooper and Delaval  r e s u l t s  because d i f fe rences  due t o  ambient cond i t ions  

could not be fac to red  ou t .  To the  ex ten t  t h a t  conclusions can be drawn from 

such a small sample s ize,  i t  appears t h a t  NOx emissions f o r  any type o f  engine 

(g iven strokes/cycle,  f u e l ,  and a i r  charging) vary more from manufacturer 

t o  manufacturer than among models i n  a manufacturer 's  l i n e .  Emlssion var 

due t o  d i f fe rences  among manufacturers could be r e l a t e d  t o  d i f f e rences  i n  

speed, bmep, or  man i fo ld  a i r  temperature. Th is  p o s s i b i l i t y  i s  addressed 

Sect ion 4.3.3.4,  

4.3.3.3 Var ia t ions  With Number o f  Cyl inders 

Several manufacturers have suggested t h a t  NO, l e v e l s  w i l l  vary  f o r  

bas i c  engine design depending on the number o f  cy 

i n t e r a c t s  w i t h  the  turbocharger.  F igure  4-17, wh 

(cor rec ted  f o r  m b i e n t s )  vs. number o f  cy l inders ,  

4-TC gas engines d 

NO, emissions from 

w i t h  number o f  cy1 

F igure  4-18 

at  i ons 

n 

a 

inders, since the  man i fo ld  

ch i s  a p l o t  o f  NO, l e v e l  

shows t h a t  NOx l e v e l s  f o r  

crease s i  g n i f  i c a n t l y  as number o f  cy1 i nders increase, but  

4-TC d iese l  and dua l - fue l  engines do not i n d i c a t e  a t r e n d  

nders. 

presents a d i f f e r e n t  i n t e r p r e t a t i o n .  

(cor rec ted  fo r  ambients) have been p l o t t e d  vs. t h e  number o f  c y l i n d e r s  f o r  

each manufacturer's engines, which tends t o  reduce o t h e r  sources o f  emissions 

v a r i a t i o n  (such as design d i f f e rences  among manufacturers) t h a t  may have been 

The NOx l e v e l s  
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Figure 4-17. NOx production v a r i a t i o n  w i t h  number o f  c y l i n d e r s .  
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reflected i n  Figure 4-17. Figure 4-18 indicates t h a t  there i s  no clear trend 

between NO, emissions and number o f  cylinders for either diesel or gas units. 

The effect  o f  changing the number of cylinders causes uncontrolled NO, levels 

t o  vary from 3 t o  9 percent. Because EMD data could not  be corrected for 

dnbients, t h i s  data m a y  not  represent the effect  o f  differences i n  the number 

of cy1 i nders 

4.3.3.4 Variations i n  NO, Level Due t o  Other Engine Variables 

The resul ts  described above suggest that  the var ia t ions  i n  NO, levels 

reported for  engfnes of  a g i v e n  type are probably due t o  design parameters 

t h a t  d i f ferent i  ate one manufacturer's engines from those of the others. 

Consequently, uncontrolled NO, d a t a  (corrected for ambients) were plotted vs, 

speed (rpm), manifold air temperature, and torque ( h e p )  t o  reveal any 

emlssion trends wlth these design parameters. 

Figure 4-19 i l l u s t r a t e s  NO, level va r i a t ion  with speed for two engine 

types. The d a t a  for gas engines indicate increased NOx emission w i t h  i n  

creased speed, This i s  i n  contradiction t o  what  one would expect from the 

reasoning that decreased residence time (increased speed) should resul t  i n  

lowered NO, emissions, Apparently other factors  (e .g . ,  increased cylinder 

temperature or inherent design differences among different engines) are 

responsible for this  trend. The 4-TC dual fuel and diesel NO, levels appear 

t o  decrease somewhat w i t h  increasing speed, as would  be expected for lower 

exhaust gas chamber residence times, 

Variations i n  NO, level w i t h  mani fo ld  a i r  temperature are shown i n  

Figure 4-20. The 4-TC-6 NO, levels appear t o  be very sensit ive to  the design 

air  manifold temperature, b u t  the diesel and dual fuels NO, levels do not. 
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These r e s u l t s  con f i rm  e x p e c t a t i o n s  t h a t  NO, l e v e l s  from premixed, vapor i zed  

f u e l  combustion i n  SI engines may be s t r o n g l y  i n f l u e n c e d  by t h e  degree o f  

a f t e r c o o l i n g .  On t h e  o the r  hand, CI engines are c h a r a c t e r i z e d  by  d r o p l e t  

combustion, and NO, p r o d u c t i o n  under these c o n d i t i o n s  would depend more on 

l o c a l  A/F r a t i o  t h a n  on o v e r a l l  a i r  temperature.  

F i n a l l y ,  F i g u r e  4-21 i l l u s t r a t e s  the  wide v a r i a t i o n  of NO, l e v e l  w i t h  

to rque  (bmep) f o r  4-TC-G and 4-TC-0, DF u n i t s .  

around 150 p s i  i s  ignored, a t r e n d  o f  decreas ing b r a k e - s p e c i f i c  NO, emissions 

w i t h  i n c r e a s i n g  bmep f o r  these u n i t s  i s  apparent.  No t r e n d  i s  apparent f o r  

SI u n i t s ,  except t h a t  t h e y  a r e  g e n e r a l l y  n o t  manufactured w i t h  bnep's  

exceeding 200 p s i .  

I f  t h e  c l u s t e r  o f  CI da ta  

Based on these p r e l i m i n a r y  s tud ies ,  i t  appears t h a t  c e r t a i n  engine 

design parameters may e x p l a i n  more o f  t h e  v a r i a t i o n  NO, l e v e l s  f o r  engines o f  

a g i ven  t y p e  than v a r i a t i o n s  i n  ambient h u m i d i t y  or temperature,  

NO, emissions f o r  any t y p e  engine ( g i v e n  s t rokes /cyc le ,  fue l ,  and a i r  

cha rg ing )  v a r y  more f r a n  manufacturer  t o  manufacturer  t han  t h e y  do m o n g  

models w i t h i n  a m a n u f a c t u r e r ' s  l i n e .  D i f f e r e n c e s  among manufacturers  are 

r e l a t e d  t o  d l f f e r e n c e s  i n  speed, torque (BMEP),  m a n l f o l d  a i r  temperature,  and 

canbust ion chamber design. Fo r  example, l i m i t e d  d a t a  show t h a t  NO, emissions 

f rom 4-TC d i e s e l  and dual f u e l  engines decrease as speed increases.  

emissions f r a n  4-TC, n a t u r a l  gas (SI) engines i nc rease  d i r e c t l y  as des ign 

m a n i f o l d  a f r  temperature increases,  However, no c l e a r  t rends  can be 

e s t a b l i s h e d  f o r  t h e  e f f e c t s  o f  number o f  c y l i n d e r s  and to rque  (bmep). These 

obse rva t i ons  suggest t h a t  some fo rm o f  weighted average i s  r e q u i r e d  t o  

c h a r a c t e r i z e  u n c o n t r o l l e d  NO, emissions fran each o f  t h e  t h r e e  f u e l s .  T h i s  

approach i s  d iscussed i n  t h e  f o l l o w i n g  s e c t i o n s .  

That i s ,  

NOx 
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4.3.4 Sales-Weighted Uncontrolled Emissions 

Since the sources of var iabi l i ty  due  t o  engine design cannot be 

specif ical ly  identified,  a procedure i s  required t o  characterize uncontrolled _- 

emission levels of engines which are sold f o r  similar applications. 

The procedure adopted here i s  t o  compute a weighted, average uncon- 
, 

t rol led emission level for engines in the diesel ,  dual fuel ,  or natural 

gas categories. The three weighted levels are based on sales of engine 

horsepower during the past 5 years fo r  domestic applications. Sales of 

horsepower to  standby services were excluded from th is  computation, since 

engines sold f o r  standby applications will be exempted from standards of 

performance (see Chapter 9) .  Theref ore, these engi nes should not  i nf 1 uence 

+ -  

ambient conditions where poss 

level for diesel engines i s  1 

f o r  natural gas engines, 15.0 

Section 4 . 4  and summarized i n  

the  selection of regulated emission levels. 

The sales-weighted averages for  diesel ,  dual fuel ,  and natural gas 

engines are presented i n  Figure 4-22, which a l s o  show each manufacturer's 

uncontrolled NO, data. The weighted averages are based on d a t a  corrected 

ble. The weighted average uncontrolled NOx 

. O  g / h p - h r ,  for dual fuel units, 8.1 g l h p h r  

g / h p - h r .  The emission reductions discussed 

Chapter 6 can then be applied t o  these leve 

t o  determine potential regulated levels of NO,. 

-~ for 

and 

i n  

S 

Measurement uncertainties are associated w i t h  each of these weighted 
- 

levels and are shown i n  Table 4-10. These uncertainties should be applied t o  

the controlled NO, levels that are determined by applying the NO, reductions 

demonstrated by the a1 ternat i  ve control systems. 
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TABLE 4-10. WEIGHTED MEASUREMENT 
UNCERTAINTIES FOR SALES 
WEIGHTED NOx LEVELS 

1 N a t u r a l  Gas I 1 . 3  
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4.4 NOx EMISSION REDUCTION TECHNIQUES 

This section describes techniques t h a t  have been used, or are being 

evaluated for  use, t o  control NOx emissions from IC engines. 

and 4.6 discuss control techniques t h a t  are designed primarily t o  reduce 

other pollutants (HC,  CO,  smoke), 

the fuel sulfur content, these emissions are discussed i n  4.4.13, combustion 

of nonstandard fuels .  

Sections 4.5 

Since SO, emissions are direct ly  related t o  

The data presented here cane fran t e s t s  on engines whose operating 

conclitlons were altered or w h i c h  were equipped w i t h  emission reduction 

devices. These t e s t s  were conducted i n  manufacturers' laboratories rather 

than i n  f i e l d  instal la t ions.  The discussion of each potential control 

technique centers on how the technique works, i t s  effectiveness, result ing 

fuel penalties, effects on other p o l l u t a n t  missions,  technical limitations 

t o  i t s  applications, and cost implications ( i . e . ,  additional fue l ,  

maintenance, or hardware expense incurred by the application of the control). 

Most techniques for c o n t r o l l i n g  emissions from IC engines involve 

engine modifications rather than  add-on t a i l  gas treatment f a c i l i t i e s .  

Engines are designed for optimun operation w i t h i n  one or more o f  the 

f o l l o w i n g  constraints: application, i n i t i a l  cost, fuel consumption, 

mal ntenance requirements, r e l i ab i l i t y ,  and commitment of a cmpany's 

engineering s ta f f  to  a design.y Each engine design sa t i s f i e s  the constraint  

YStationary reciprocating IC engines and particularly the large ones, may 
be required t o  deliver thousands o f  hours of continuous operation a t  rated 
'load under varying ambient conditions without significant mi ntenance, o r  
to s t a r t  w i t h o u t  f a i lu re  by remote control and deliver ful l  power w i t h i n  
10 seconds. Since these a re  severe demands, manufacturers feel committed 
t o  a proven design and a re ,  therefore, reluctant t o  make significant design 
changes (e.g. ,  changed piston o r  cylinder shape o r  strokes per cycle). 
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d i f f e r e n t l y .  F o r  example, one engine m a y  operate a t  4' BTDC wh i le  another a t  

5' BTDC t o  meet  t h e  sane NOx emission l e v e l ,  Therefore, the  data are grouped 

by engine type and f u e l  i n  the tab les  and graphs tha t  f o l l ow .  I n  addi t ion,  

whenever the re  i s  a s p e c i f i c ,  known reason why one t ype  o f  engine responds 

d i f f e r e n t l y  t o  the app l i ca t i on  o f  con t ro l s  than does another, these 

d i f fe rences  are expla ined t n  the  accunpanying d iscuss ion of  the con t ro l  _- 

t echn i que , 

The reduct ions i n  NOx shown here were achieved by i n v e s t i g a t o r s  f o r  cu r ren t  

p roduc t ion  engines. 

f o r  the c o n t r o l l e d  se t t i ngs  ( i .e. ,  decrease f u e l  consmption, reduce maintenance, 

etc,) .  Thus, these r e s u l t s  must be viewed as those achievable i f  no attempt 

I n  general, no attempt was made t o  opt imize the engine 
- -_ 

i s  made t o  reopt imize an engine's c o n t r o l l e d  s e t t i n g .  

A s  discussed i n  Sect ion 4.2 .2 ,  the manufacturers '  data were measured 

us ing one o f  f o u r  measurement p rac t ices  (PA, DEN, SAE, EMD). Al though 

d i f ferences i n  th ree  o f  these prac t ices  r e l a t i v e  t o  E P A ' s  may cause 

unce r ta in t i es  i n  t h e  repor ted  leve ls ,  the  data are considered adequate f o r  

the purpose o f  s e t t i n g  standards o f  performance s ince these are smal l  i n  

comparison t o  those i n  emissions due t o  inherent  d i f fe rences  i n  engine 

des i gn . 
i n  Sections 4.3.2 and 4 . 3 . 4 . )  

been corrected t o  standard cond i t ions  o f  humid i ty  and temperature (when 

(Meas ur ement un c e r t  a i  n t  i es f o r  un cont r o l l  ed emi ss i  ons are d i  scus sed 

Fur themore,  t h e  repor ted  emissions data have 

ambient data were recorded) usIng t h e  ambient correction f a c t o r s  presented I n  

Secti,on 4.2.1 

t i o n s  a f t e r  ambient co r rec t i on .  

Dashed l i n e s  on t h e  f i g u r e s  i n  t h i s  sec t i on  i n d i c a t e  NO, reduc- , 

The c o n t r o l  systems discussed i n  t h i s  sec t i on  a re  l i s t e d  below i n  

t h e i  r order  o f  presentat ion.  

1 .  Derat ing (D) 

2. Retard (R) 
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3 .  Changed a i r - t o - f u e l  r a t i o  (A/F)  

4 .  Turbocharging wi th a f te rcoo le r  (TC) 

5. Reduced man i fo ld  a i r  temperature (MAT or  M) 

6. Exhaust gas r e c i r c u l a t i o n  (Em) -- i n t e r n a l  (IE) and ex te rna l  (EE) 

7 Water i nduc t i on  (H20)  

8 ,  Canbustion chamber redesign (CCR) 

9, C a t a l y t i c  converters 

10. Cunbinations o f  t he  above 

Several abbrev iat ions w i l l  be used on the  char ts  and tab les  i n  t h i s  chapter; 

they are l i s t e d  i n  Table 4-11. Fuel  consumption data on the  char ts  and 

tab les  are based on a lower heat ing  value (LHV) o f  18320 Btu / lb  (10160 

kca l /kg)  f o r  No. 2 d iese l  o i l .  

A q u a l i t a t i v e  summary, by po l l u tan t ,  o f  the e f f e c t  o f  each c o n t r o l  

technique on each eng ne type as shown by t he  a v a i l a b l e  data i s  presented i n  

Table 4-12. 

of these techniques. Graphs are presented t h a t  show (1) t h e  NO, reduc t i on  f o r  

t he  l a r g e s t  degree o f  c o n t r o l  appl ied f o r  each manufacturer and ( 2 )  t he  e f f e c t  

on einissions and f u e l  consumption as the  amount o f  con t ro l  i s  var ied.  The 

in fo rmat ion  presented i n  the second se t  o f  graphs has been normal ized by the  

basel ine or uncont ro l led  l e v e l .  This cond i t i on  i s  denoted on the  graphs w i t h  

a subsc r ip t  'IU" f o r  uncontro l led.  The c o n t r o l l e d  cond i t i on  i s  denoted w i th  

a subsc r ip t  ilC" f o r  the  c o n t r o l l e d  l e v e l .  Sect ion 4.4.11 s m a r i z e s  the  data 

presented f o r  each o f  the above c o n t r o l  approaches. 

Sections 4.4.1 through 4.4.10 g i ve  q u a n t i t a t i v e  r e s u l t s  f o r  each 

Then i n  Sect ion 4.4.12, t h e  e f f e c t  o f  NO, c o n t r o l  on t h e  emission o f  

other p o l l u t a n t s  i s  examined. Th is  review w i l l  he lp  t o  i l l u s t r a t e  whether 

standards o f  performance may be requ i red  f o r  o ther  p o l l u t a n t s  i n  a d d i t i o n  t o  
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TABLE 4-11, ABBREVIATIONS FOR ENGINE TYPE AND EMISSION CONTROL 
TECHNOLOGY 

Abbrevl a t i  on 
-~ 

Fuel 
D 

DF 
G 

- 

Strokes/Cycle 
2 
4 

Air Charging 
BS 
NA 
TC 

a Control Techno1 ogy 
D 
R 

TC 
A or A/F 
M or MAT 

E G R (  I )  
EGR( E) 

INJ 

W/F or w/f 
PC 
VT 
CCR 
Cat 

Sb 

H2° 

Explana t ion  

Diesel 
Dual Fuel 
Gas ( i  .e . ,  natural gas) 

2-stroke/cycle engine 
4-stroke/cycle engine 

Blower scavenged 
Naturally aspi rated 
Turbocharged (and i ntercool ed) 

Derating 
Retard 
Turbocharged (and i ntercool ed) 
Increased air-to-fuel r a t io  
Decreased in le t  manifold air  temperature 
Exhaust gas  recirculation - internal 
Exhaust gas recircul ation - external 
Increased speed 
Modified injectors 
Water induction 
Water-to-fuel mass induction r a t i o  
Precombustion chamber 
Variable t h r o a t  precombustion chamber 
Combustion chamber redesign 
Catalytic converter 

aRM and RMA a re  used t o  denote the combined use of retard, 

bIncreased speed included because data are available, b u t  i t  is  
decreased a i r  temperature, _and increased air-to-fuel r a t io  

not considered to  be a viable control technique (Subsection 5.3.12) 
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1-1, 

NO,. 

fuels  on emissions frcm stationary IC engines. 

Finally, Section 4.4.13 discusses the effect  of burning nonstandard 

The d a t a  that  appear in t h i s  chapter can also be found in Appendix 

C.l, where they are tabulated by engine. This appendix presents a l l  the 

available data on emissions and fuel consumption for  large-bore engines. 

r-- 

4.4.1 Derating 

When a manufacturer advertises or s e l l s  an engine, he guarantees t h a t  I 

i t  will produce a given power a t  a stated speed. These conditions are called 

"rated conditions" and can be specified either for  maximum, intermittent, or -. 

continuous operating conditions. The maximun r a t i n g  usually refers t o  the 

peak power t h a t  can be achieved by the engine, b u t  manufacturers generally 
_- 

recmend that  the engine not be operated a t  t h i s  level.  

ratings typically indicate the power o u t p u t  that  the engine can produce for  

Intermittent 

a l-hour period w i t h  at  least  a l-hour period of operation a t ,  or below, the  

continuous rating before the next surge t o  the intermittent 

Continuous rating, of course, applies t o  uninterrupted operation (e.g., 24 

hours per day, 365 days per year with shutdowns for  maintenance only). 

An engine can be derated by res t r ic t ing  i t s  operation t o  a lower level 

of power production t h a n  normal for the given application. The effect  of 

derating i s  t o  reduce cylinder pressures and  temperatures and thus t o  lower 

NOx formation rates.  Although NOx exhaust concentrations ( i . e . ,  moles of NO, 

per mole of exhaust) are reduced, i t  i s  quite possible fo r  t h i s  reduction t o  

be no greater t h a n  the power decrease. 

emissions ( i . e . ,  grams NO, per horsepower-hour) are not  reduced. This i s  

especially true for four-stroke turbocharged engines as shown i n  Figure 

4-2d75). 

In such a case brake specif ic  

In  addition, a i r  t o  fuel ra t ios  change less w i t h  derating for 
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turbocharged englnes than f o r  n a t u r a l l y  a s p i r a t e d  o r  blower-scavenged u n i t s ,  

Thus NO, emlssions are l e s s  respons ive  t o  d e r a t l n g  f o r  turbocharged engines. 

Dera t ing  a l s o  reduces the eng ine 's  o p e r a t i n g  temperature,  which then r e s u l t s  

i n  h i g h e r  CO and HC emissions, Th is  happens because t h e  temperature 

dependent r e a c t i o n s  t h a t  reduce these p o l l u t a n t s  are l e s s  a c t l v e ( 7 6 ) .  

Demonstrated NO, emlssion r e d u c t i o n  l e v e l s  due t o  d e r a t i n g  are  shown 

i n  F i g u r e  4-24 f o r  a number o f  d i f f e r e n t  engine types and f u e l .  

these data, emission reduc t ions  ranged f r o m  1.2 t o  23.0 g/hp-hr f o r  n a t u r a l l y  

a s p i r a t e d  o r  blower-scavenged engines and f rom 0.2 t o  10.8 g/hp-hr f o r  

turbocharged u n i t s .  S ince these r e s u l t s  were o b t a i n e d  w i t h  v a r y i n g  amounts 

of  dera t ing ,  i t  i s  more i n f o r m a t i v e  t o  compare t h e  e f f e c t i v e n e s s  o f  t h i s  

emission c o n t r o l  technique on a normal ized b a s i s  -- i.e.,  percent  NO, 

r e d u c t i o n  per  percent  derate,  

or  blower-scavenged engines v a r i e d  fran 0.25 t o  6 . 2 ,  whereas those f o r  

turbocharged u n i t s  v a r i e d  from 0.01 t o  2.6. No r e l a t i o n s h i p  was found 

between normal ized e f f e c t i v e n e s s  and u n c o n t r o l l e d  emission l e v e l ,  number o f  

s t rokes  per cyc le ,  o r  f u e l .  

Based on 

On t h i s  basis,  r e s u l t s  f o r  n a t u r a l l y  a s p i r a t e d  

F i g u r e  4-25 i l l u s t r a t e s  t h e  e f f e c t  o f  d i f f e r e n t  amounts o f  d e r a t i n g  on  

NO, emissions and f u e l  consumption f o r  d iese l ,  dual f u e l ,  and gas engines, 

r e s p e c t i v e l y .  F i g u r e  4-25(a) shows t h a t  d e r a t i n g  decreases brake s p e c i f i c  

NOx emiss ion from sane d i e s e l  engines, but  increases them f r a n  others.  I n  

general ,  NO, reduc t ions  range fran 2 t o  25 percent  f o r  25 percent  d e r a t i n g  

and brake s p e c i f i c  f u e l  consumption increases range from 2 t o  5 percent .  

With 50-percent dera t ing ,  NO, r e d u c t i o n s  range f r o m  15 t o  45 percent  and f u e l  

p e n a l t i e s  frm 4 t o  1 6  percent .  Engines No. 10 and 11, bo th  two-st roke 

blower-scavenged, achieved t h e  l a r g e s t  NO, r e d u c t i o n  (and h i g h e s t  f u e l  p e n a l t i e s ) .  

,--- 
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Figure  4-25(b) a l so  shows mixed r e s u l t s  f o r  de ra t i ng  dua l - fue l  engines 

but with s u b s t a n t i a l l y  less  v a r i a t i o n  than among the  d iese ls ,  Thus de ra t i ng  

causeid an increase i n  NOx i n  o n l y  one englne. I n  general, 25 percent  dera t ing  

reduces NOx emissions 20 t o  35 percent and increases f u e l  consumption 2 t o  

8 percent,  Dera t ing  by 50 percent  produces NOx reduc t ions  o f  30 t o  65 percent, 

but at  t h e  sane t ime f u e l  'usage goes up 10 t o  30 percent.  I n  general, smal l  

amounts (25 percent or l ess )  o f  de ra t i ng  appear e f f e c t i v e  i n  reducing NO, 

emissions f r a n  dual f u e l  un i ts ,  and such reduct ions are accunpanied by f u e l  

penal t i e s  o f  less than 8 percent,  

F igure  4-25(c) shows t h a t  the dera t ing  o f  gas engines produces a wide 

range o f  NO, reduct ions.  I n  general, the nonturbocharged engines achieve 

t h e  l a r g e s t  reduct ions,  s ince dera t ing  has a greater  e f f e c t  on t h e i r  a i r - t o -  

f u e l  r a t i o .  For example, blowers on blower-scavenged u n i t s  operate a t  

constant speed, independent o f  load; therefore,  as t h e  f u e l  f l o w  i s  reduced 

t o  decrease output,  the a i r - t o - f u e l  r a t i o  increases, causing a NO, reduct ion.  

The turbocharged engines, i n  contrast ,  ma in ta in  a more n e a r l y  constant a i r -  

t o - f u e l  r a t i o ,  and consequently, experience less  o f  a NO, reduct ion.  

Derat ing does not r e q u i r e  add i t i ona l  engine equipnent, and the  o n l y  

opera t iona l  adjustment i s  t o  the  t h r o t t l e  o r  governor s e t t i n g  i n  order t o  

r e s t r i c t  t he  engine power ou tpu t .  I n  most cases, t h i s  adjustment can be made 

i n  thle f i e l d ,  although one could presumably equip a new engine w i t h  a f u e l  

punp o r  carburetor  whose maximum f u e l  d e l i v e r y  capac i ty  corresponds t o  a 

derated condi t ion.  When derated, the engine 's  e f f i c i e n c y  i s  reduced, and 

hence, t h e  f u e l  consunption i s  increased. Moreover, when an engine i s  

derated, a blgger,  more expensive u n i t  must be purchased t o  s a t i s f y  a glven 

power requirement. 
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4.4.2 Retarded I g n i t i o n  T iming  

As mentioned i n  Chapter 3, canbust ion i s  i n i t i a t e d  by t h e  i n j e c t i o n  

of fue l  o i l  i n  a d iese l  or dual - fue l  engine, or by a spark i n  a na tu ra l  gas 

u n i t .  The e f fec t  o f  v a r i a t i o n s  i n  t h e  t i m i n g  o f  t h i s  i n j e c t i o n  o r  spark 

discharge i s  the sam'e f o r  both k inds of  engines; t h a t  i s  the event can be 

described as canbustion i g n i t i o n  i n  both cases. Therefore, t h i s  con t ro l  

technique i s  termed re ta rded i g n i t i o n  t iming,  or re ta rd .  

I g n i t i o n  i n  a normal ly  ad justed engine i s  s e t  t o  occur s h o r t l y  be fore  

the p i s ton  reaches i t s  uppermost p o s i t i o n  ( t o p  dead center, or  TDC). A t  TDC 

the  a i r  or a i r - f u e l  m ix tu re  i s  canpressed t o  t h e  maximum. The t im ing  o f  t h e  

s t a r t  o f  i n j e c t i o n  o r  o f  the spark i s  given i n  terms of  the number of  degrees 

t h a t  the  crankshaf t  must s t i l l  r o t a t e  between t h i s  event and the  a r r i v a l  o f  

the p i s t o n  at  TDC. The extent  o f  r e t a r d  i s  then expressed i n  degrees 

r e l a t i v e  t o  normal i g n i t i o n .  Typ ica l  r e t a r d  values are Z0 t o  60, depending 

on the engine. Beyond these l e v e l s  f u e l  consunption increases rap id l y ,  power 

drops, m i s f i r i n g  ( e r r a t i c  i g n i t i o n )  occurs, and smoke fran diese l  engines 

becomes excessive (77). 

- 

A f t e r  i g n i t i o n ,  the  burning canbustion gases expand, d r i v i n g  the  p i s t o n  

downward. Th is  i s  c a l l e d  the  power s t roke.  When i g n i t i o n  i s  retarded, the 

du ra t i on  o f  the  canbustion process does not change s i g n i f i c a n t l y ,  but  r a t h e r  

i s  i n i t i a t e d  c loser  t o  TDC and i s  extended longer i n t o  the power stroke. 

Consequently, the  canbustion process occurs l a t e r  du r ing  higher exhaust 

temper a t  ures . 
I n  theo ry  t h e  f u e l  d e l i v e r y  system i n  d iese l  engines could be a l t e r e d  

t o  reduce the dura t ion  of i n j e c t i o n  and thereby decrease the  q u a n t i t y  o f  f u e l  

t h a t  i s  canbusted l a t e  i n  the  power s t roke,  

increases i n  the i n j e c t i o n  pressures above cur ren t  leve ls ,  which are  a l ready 

Such changes would r e q u i r e  
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high. One manufacturer o f  mediun-bore engines, Cunmins Engine Co., developed 

t h e i r  own high pressure f u e l  punp f o r  t h i s  a p p l i c a t i o n  because t h e r e  was no 

s u i t a b l e  commercial component on the  market. Low-volune manufacturers of  

medium-bore engines, however, depend on ou ts ide  sources f o r  t h e i r  f u e l  pumps 

and have s ta ted  t h a t  the i n a v a i l a b i l i t y  o f  t h i s  c r i t i c a l  component r e s t r i c t s  

t h e i r  use o f  r e t a r d  (e.g., t o  2' t o  6') a t  t h i s  t ime(78) .  One manufacturer 

o f  l a r g e b o r e  engines repor ted  an unsuccessful attempt a t  inc reas ing  

i n j e c t i o n  pressures(79).  He found t h a t  t h i s  h igher  pressure canpressed the  

puel and expanded the f u e l  l i n e s  and consequently, the f u e l  i n j e c t i o n  t ime  

was not decreased. Presunably, t h e  t e s t  could be conducted w i t h  f u e l  

handl ing equipment so t h a t  expansion o f  the f u e l  l i nes ,  a t  leas t ,  would not  

prevent a manufacturer f r u n  reducing h i s  i n j e c t i o n  per iod.  

Retard ing  i g n i t i o n  decreases NOx fo rmat ion  at  the expense o f  reduced 

e f f i c i ency ,  thus inc reas ing  fue l  consumption. Emissions o f  HC and CO are 

genera l l y  i n s e n s i t i v e  t o  r e t a r d  except i n  the  extreme case where m i s f i r i n g  

can occur. That i s ,  the h igher  exhaust temperatures, which tend t o  improve 

the (ox idat ion o f  any remaining unburned f u e l  or carbon monoxide, o f f s e t  the 

ef fe lct  o f  sho r te r  residence times i n  the  c y l i n d e r .  Smoke i n  d iese l  engines, 

however, increases r a p i d l y  a f t e r  moderate degrees o f  r e t a r d  (2' t o  6'). 

Figure  4-26 presents t h e  eve1 o f  reduc t ion  demonstrated f o r  a range 

of' engine types. 

degree of  r e t a r d  ranged f rom 1.2 t o  6.9 f o r  n a t u r a l l y  asp i ra ted  or  blower- 

scavenged engines and fran 0.6 t o  8.5 f o r  turbocharged engines. Actual  

reduct ions due t o  r e t a r d a t i o n  between 3 t o  10 degrees ranged fran 0.4 t o  7.3 

g/hp-.hr f o r  a l l  engines. The e f f e c t  o f  the c o n t r o l  i s  t o  c o n s i s t e n t l y  reduce 

t h e  l e v e l  of NOx produced, although t h e  magnitude o f  t h e  reduc t ion  can vary 

considerably  between engine types or  w i t h i n  an engine category. 

Based on these data, the percent o f  NOx reduc t i on  per 

4-89 



r : 

< 
* 

< 
t 

4 

f 

t 

Q 

t 

e -  

t 

c 
< 
t 

C 

e 
t 
e 
c 4 

4-90 

s 
+ Y 

E 
0 
.C 

, ..- c, u 
IC 
W 

e 
I 

Q 
N 
I 
d 

,.- a L 
P, 
a 

z 
~ -, 



Several manufacturers have investigated the effect  of different 

amounts of retard on NO, emissions and fuel consumption for  diesel, dual 

fue l ,  and gas engines, Their results are shown in Figures 4-27 a n d  4-28. 

Figure 4-26 shows that  the effect  of retarding fuel injection on NO, levels 

and fuel consunption i s  similar for  different diesel engine types. That i s ,  

4 degrees of retard reduces NO, fran 22 t o  30 percent ( L e . ,  26 - +4 percent), 

and 8 degrees reduces NO, 39 t o  44 percent. Note that  the NO, reduction per 

degree of retard decreases f o r  increasing levels o f  re tard.  In contrast, 

fuel penalties increase at a greater ra te  with increasing retard.  Thus ,  

4 )degrees of retard causes a 2-percent fuel penalty, 8 degrees a 6 percent 

penalty, and 1 2  degrees a 12-percent penalty, Therefore, maintenance and 

durabi l i ty  considerations aside, there are diminishing benefits t o  

retarding diesels beyond a certain point, because increases in fuel 

conswnption exceed decreases i n  NO, levels. 

Figure 4-28 shows similar results for gas and dual-fuel engines, 

a l t h o u g h  the d a t a  are more scattered. I n  general, ignition retard for  gas 

engines i s  not as effective i n  reducing NO, levels as i t  i s  for diesel and 

d u a l  fuel engines. For example, 4 degrees of  i g n i t i o n  retard gives about a 

15 percent NO, reduction i n  gas engines as compared t o  around 25 percent for  

diesel and d u a l  fuel units. Note that  the amount of NO, reduction remains 

comtant af ter  a certain point for the two naturally aspirated engines, b u t  

fuel consumption continues t o  increase rapidly. In addition, there are 

practical limits of i g n i t i o n  retard for a l l  gas engines. Spark-ignited 

engines are more sensi t ive t o  ignition timing and, therefore, misfire and 

exhibit poor transient performance when the ignition t i m i n g  i s  not very close 

t o  the design p o i n t .  
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Special equipnent i s  not required for  injection ignition retard as 

i t  involves only an adjustment of the engine spark or injection pump timing. 

Typically, the nominal sett ing o f  the ignition time I s  fixed by means of hardware 

items, such as crankshafts, Means are then provided for  adjustments, or f ine  

tuning, about t h i s  nominal value t o  compensate for variations in a l t i tude,  

fuel ,  engine wear, etc.  Manufacturers usually perform t h i s  f i ne  tuning service 

during the production run-in o f  the engine, bu t  the adjustments also can be 

made by t h e  operator. This typical ly  occurs every 10,000 hours in the course 

o f  normal maintenance, b u t  the set t ing i s  actually verified or corrected weekly. 

A s  stated ear l ie r ,  peak cylinder temperatures and pressures are 

lwered by retard,  and, hence, the thermal and structural  loadings are 

lowered, However, the delayed canbustion causes higher exhaust temperatures, 

which  may lead t o  rapid deterioration o f  the exhaust valves if the exhaust 

temperatures exceed the design limits of the valve material. According t o  a 

manufacturer of gas-fueled engines, the values in the i r  current production 

engines can withstand temperatures u p  t o  1300T, and the turbochargers are 

limited t o  1200oF (these two temperature l imits are not  inconsistent because 

the exhaust gas cools between the cylinder exhaust and the turbocharger 

in le t ) (80) .  

7 2 5 0 9 .  Nevertheless, one manufacturer determined t h a t  40 retard of ignition 

in a dual-fuel engine caused a 25-percent reduction i n  the maintenance l i f e  

of his current valve rnaterial(81). Another manufacturer reported t h a t  his 

naturally aspirated S I  engines are presently operating near t he i r  exhaust 

material limits ( 1 3 O O O F )  at rated load conditions. Data f r a  one engine 

showed t h a t  10 degrees of i g n i t i o n  retard caused the exhaust temperature t o  

increase from 1263O t o  1370F. 

Therefore, the application of retard t o  meet standards of  performance may 

- 

Current cylinder exhaust temperatures range from WOOF t o  

(NO, emissions were reduced 1 7  percent.) 
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r e q u i r e  more f requent  engine maintenance o r  greater  i n i t i a l  cost  f o r  h igher  

temperature exhaust ma te r ia l .  

4.4.3 Air - to-Fuel  R a t i o  Changes 

The a i r - t o - f u e l  r a t i o  i s  def ined as t h e  mass f l o w r a t e  o f  a i r  ingested 

by  the engine d i v ided  by the mass f l o w r a t e  o f  f u e l  consuned. Th is  r a t i o  i s  

termed s t o i c h i m e t r i c  i f  p r e c i s e l y  enough oxygen i s  present i n  t h e  m ix tu re  t o  

complete ly  o x i d i z e  the fue l .  

excess a i r  (oxygen) i s  present, and t h e  m ix tu re  i s  r e f e r r e d  t o  as lean. 

Conversely, a l w e r  than s t o i c h i m e t r i c  r a t i o  i s  commonly c a l l e d  f u e l  r i ch ,  

or simply r i ch ,  because more f u e l  i s  present i n  t h e  m ix tu re  than can be 

comp'l etely burned. 

When the r a t i o  i s  greater  than s t o i c h i m e t r i c ,  

The maximum NOx and minimum HC and CO emissions w i l l  genera l l y  occur 

at  ari a l r - t o - f u e l  r a t i o  s l i g h t l y  leaner than s t o i c h i m e t r i c .  Although 

maxirrium f l a n e  temperatures occur a t  less  than s t o i c h i m e t r i c  r a t i o s ,  maximun 

NOx l e v e l s  do not occur u n t i l  lean A / F  r a t i o s  when oxygen a v a i l a b i l i t y  i s  

increased. Pe r fec t  mix ing  of t he  a i r  and t h e  f u e l  never occurs i n  e x i s t i n g  

engines; therefore,  sane excess a i r  i s  necessary f o r  complete combustion and 

minimum HC and CD emissions. These r e l a t i o n s h i p s  are shown i n  F igure  

4-29(82)  f o r  a gasol ine- fue led au tanob i le  engine. 

d iese l -  and gas- f i red un i ts ,  w i t h  d i f f e r e n t  peak l e v e l s  f o r  t he  var ious curves 

and s h i f t s  i n  the a i r - t o - f u e l  r a t i o  t h a t  correspond t o  peak NOx generat ion.  

When t h e  engine i s  operated r i c h ,  HC emissions r i s e  sharp ly  because t h e  

a v a i l a b l e  oxygen i s  no longer s u f f i c i e n t  f o r  complete combustion o f  the f u e l .  

The lack  of  oxygen f o r  ccmbustion a lso  means i t  i s  not  present  f o r  NO, 

fo rmat ian  and so, desp i te  the  high cy l i nde r  tenperdu res ,  NOx format ion w i l l  

drop sha rp l y  a t  i nc reas ing l y  r i c h  mixtures,  

S i m i l a r  curves apply t o  
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